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'  Abstract 

angle  spreading,  a«rosoi  scattering  and  molecular  absorp¬ 
tion  are  considered  the  important  .-necfcanissis  for  the  weakening  of  a  laser 
'  beam  in  the  open  atmosphere*  three  different  transmission  1ms  are  worked 
<«»t  for  these  three  mcimi±sm»  Both  the  physical  principles  and  the  numer¬ 
ical  values  encountered  in  the  lower  atmosphere  are  discussed  and  illustrated* 
Random  density  fluctuations  in  the  turbulent  atmosphere  are  discussed  as  the 
cause  of  snail  angular  deflections  in  a  narrow  pencil  of  light*  Sean  atten¬ 
uation  due  to  atmospheric  aerosol  scattering  is  treated  for  an  aerosol  siae 
distribution  described  by  the  suss  of  two  inverse  powers  of  the  droplet 
radius*  laser  beams  can  help  fine  the  parameters  of  such  distributions* 
Molecular  absorption  is  exaroinod  ir.  terms  of  'the  narrow  infrared  lines  of 
water  vapour#  An  effort  is  made  to  present  this  difficult  topic  in  as  simple 
and  useful  a  fork  as  is  oorasatible  with  the  observational  material.  The  for¬ 
mulae  are  designed  to  mk»  it  possible  to  estimate  in  detail  how  the  atmos¬ 
phere  wo  ild  weaken  a  laser  beam  under  a  wide  variety  of  conditions*  It  is 
found  that  acne  effects  are  serious  even  at  short  ranges  of  a  few  meters, 
While  in  favourable  circumstances,  laser  signals  would  not  be  drastically 
attenuated  out  to  any  practical  distance  in  the  lower  atmosphere*  (  ^ 


For  a  spherical  car  cylindrical  particle,  a  would  be  the  radius;  for  some 
other  particle,  irregular  in  shape  or  in  refractive  index  distribution,  it 
would  perhaps  be  a  mmti  effective  radius  which  c  readily  be  defined  nsrc 
specifically  for  the  case  at,  hand.  The  particles  cr  regions  in  the  at-.'  bore 
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Where  t\  is  the  13T?  density  of  tne  atmosphere* 

The  interesting  ranges  x  values  for  our  purposes  lie  in  threu 
regions  which  will  be  treated  -tely* 

a*  Particles  or  regie  arg-  smeared  with  wave  length;  %  >>  1 
B*  Particles  conparscJ.  >  .  x  -b  1 
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2*  Transmission  Lavs 


2.1  Flue tuitions  In  Itefractiva  Index 

Laser  beam  affects  in  a  patchy  atmosphere  are  examined  here.  Those 
ere  Category  A  phenomena  in  the  sense  that  we  consider  the  atmosphere  to  he 
subdivided  Into  ceils  whose  refractive  index  varies  from  its  mean  value  over 
regions  which  nay  be  meters  across.  Thus,  x  s  2W  a/^  >.>  1*  Other  cate¬ 

gory  K  phenomena  involving  more  palpable  objects  such  as  raindrops,  snov- 
flakes,  fallout  particles  will  be  treated  elsewhere  as  tools  for  atmospheric 
probing,  but  their  behavior  relative  tc  atmospheric  transmission  is  adequately 
covered  as  a  limiting  case  of  Category  B.  She  typical  source  of  the  patchiness 
treated  her©  is  the  turbulence  due  to  overturning  momenta  under  certain  con¬ 
ditions  in  the  atmosphere*  Cells  of  circulating  air  form  spontaneously. 

These  cells  are  regarded  as  the  source  of  scintillations  and  bad  seeing  in 
astronomical  and  terrestrial  observations.  'They  occur  high  and  low  in  the 
atmosphere  over  land  and  ocean.  Other  mi  cro&eteorological  effects  also 
causa  patchiness  in  refractive  index. t  Thermal  gradients  with  or  without 
wind,  pockets  of  high  humidity,  shade  from  insolation  car  roughness  of  terrain 
may  cause  variations  in  density.  Oscillations  up  to  hundreds  of  cycles  ycr 
second  as  well  as  translation  of  these  cells  are  known  to  occur.  They  vary 
in  strength  and  frequency  but  are  always  present  to  some  degree  to  the  extent 
they  limit  the  useful  aperture  for  optical  astronomical  telescopes  to  300 
inches  or  loss  even  at  the  most  favorable  mountain  sites.  In  a  somewhat 
different  way,  they  may  Unit  the  utility  of  laser  beam  communications  at 
sea  level  or  low  altitudes. 

The  light  flux  in  astronomy  or  in  meteorological  work  usually  c evens 
a  broad  region.  The  wave  front  say  be  regarded  as  flat  and  infinite  in 
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normal  to  the  direction  of  propagation*  Sidewis?  displacement  of  the  bear. 

mans  nothing  and  only  direction  or  phase  counts.  A  laser  beam  is  narrow 

both  in  angle  and  in  cross  section.  It  is  sore  like  a  pencil  or  ray  in  an 

optical  instruitent.  Sidewise  as  well  as  angular  displacement  can  take  a 

* 

photon  out  of  the  useful  region  of^  observation*  The  question  asked  here 
is— how  such  does  a  patchy  atmosphere  reduce  the  light  energy  received  fro® 
a  distant  laser?  The  answer  takes  into  account  the  many  small  deflections 
caused  by  atmospheric  refraction.  They  cause  the  apparent  image  else  of 
the  laser  to  be  enlarged  by  angular  deflection  .  ad  they  also  spread  the 
light  over  an  area  greater  than  the  original  laser  beam  would  cover. 

If  the  path  length  is  great,  the  energy  received  within  a  given  aperture  may 
be  noticeably  reduced  by  beam  spread*  V!e  consider  next  the  situation  where 
numerous  scatterings  take  place,  but  since  each  deflection  is  very  small, 
the  beam  remains  within  a  narrow  cone  even  when;  it  is  large  compared  with 
the  receiving  instrument.  It  is  evident  that  geometrical  optics  is  adequate 
for  cur  purposes*^ 

2*2  fey  Curvatsre  in  a  Refractive  Index  gradient 

A  laser  beam  traversing  a  region  where  there  is  a  refractive  index 
gradient  VPj  will  be  deflected  along  its  pata  according  to  the  formula 


JL 

f 


y%  >n 


(2.2.1) 


where  L  is  the  radius  of  curvature  of  the  path,  and  v„«  is  the  component 

j  ,  n 

of  the  gradient  of  the  refractive  index  w,  normal  to  the  ray  path.  In  a 
small  length  of  path  Is,  a  srull  normal  gradient  would  deviate  a 

ray  through  an  angle 
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A  H  ar  <2 
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£2*2.2} 


and  would  produce  a  sidewise  displacement 


4.  VL'"’ ■■;?*)' 


(2*2*5 } 


The  first  thing  to  note  about  these  quantities  is  that  they  are  assail  and 
that  our  assumption  of  narrow  pencils  or  srrall  cross  section  is  justified. 
Th«|  next  thing  to  show  is  that  the  deviations  are  not  always  negligible 
and  thus  are  worthy  of  further  examination* 

Suppose  that  we  have  a  horizontal  ray  moving  across  a  vertical 
temperature  gradient  of  say  1°G  per  meter  height.  Then  there  would  be  a 
density  gradient  and  consequently  by  equation  (1*1*3)#  a  transverse  re¬ 
fractive  index  gradient 


TJ*  2,9  x  ICT^  x  _il 
** 


x  X55SS  ^  10’8  CIB~1 


(2.2.4) 


The  angular  deflection  in,  say,  10  meters  given  by  equation  (2*2*2) 


would  bo 


r»  ^  lo3  X  10-5  »  10"*  radii-ii 


3i«w.3  5=5*-  2 


;or,cs  01  arc 


(2.2.5) 


& 
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and  by  equation  <2.2.»  a  deflector. 


s)y,  5  X  10^  ca 


(2*2.6) 


■i 


A  laser  bean  might  be  of  the  order  of  10**^  to  1  QT$  radians  i  i 
angle  and  about  1  c»ii  cross  section  diameter,  and  sc,  these  deflections 
are  seen  to  be  snail.  The  atmosphere  could  well  have  cells  10  meters  across 
«lth  the  density  gradients  mentioned,  and  so  in  a  kiloxster  path,  the  re¬ 
sultant  total  deviations  pould  perhaps  not  be  trivial.  If  the  gradients 
were  randomly  arranged,  then  in  a  path  of  B  cells,  the  resultant  deviations 
would  be  t  N  tises  as  great  as  the  unit  values  given  in  (2*2.5)  and  (2.2.6). 
for  a  1  km.  path  aad  10  meter  cells 


r  >%r-ioo 


and  we  would  have 


^4. 


>00 


'V  /  /  / 


7/v  ^ 


—  ^  j 


and 


-if  0.  0>  c+*/. 


In  a  laser  with,  say,  a  $  x  lO*1^  radian  bear.,  the  illumination  at  1  km. 
would  cover  a  >0  cm*  spot  and  a  0*05  cm.  enlarge  -ant  would  not  cc;mt. 
However,  the  spot  enlargement  would  be  detoririned  by  the  total  angular 
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deflection  which*  in  this  cy.a:.i. . ,  s  1  fi  of  v  >  original  beam  angle# 

Thus,  a  20  to  uO  percent  r-:.- lac. Ur.  in  er,cv;  ;•  flux-  o'  rcuTh  a  given  aperture 
would  be  expected*  This  would  bo  &  time  average.  f.*:..;'  fluctuations  of 
the  nature  of  scintillations  would  be  much  greeter* 

2*3  Transmission  Law  For  a  Patchy  Atmosphere 

The  preceding  paragraph  is  a  tads  for  writing  down  the  trans¬ 
mission  law  for  an  atmosphere  whose  only  optically  active  element  is  a  ran¬ 
dom  asses! ly  of  cells  each  containing  a  refractive  index  gradient  of  scan 

4 

effective  value  V«u  Take  a  mean  cell  size's  and  ask  how  the  energy  fall¬ 
ing  on  a  high  resolution  light  collecting  instrument  would  fall  off  wLth 
range  3  along  the  path  a  laser  beam  whose  divergence  in  radians  is  c.\  * 
The  distance  S  is  supposed  great  enough  so  that  the  geometrical  beam  at  R 
would  be-  large  in  cross  section  compared  with  the  a per a -r a  of  tha  light 
sensor*  is  discussed  in  the  preceding  paragraph,  the  effect  of  tr*e  patchi¬ 
ness  is  to  enlarge  the  beam  diameter  at  range  R  from 

Rot  (2.3*1) 

to  approximately 


Row  +  R  (2*3.2) 

where  JX9  is  the  cumulative  deflection  of  all  the  cells  along  the  path  R* 
Along  the  pain  R,  there  are  about  R/S  cells,  each  causing  a  small  angular 

j* 

deflection  according  to  (2.2*2).  The  cur.claiive  deflection  .1 6  dec 
to  R/S  cells  is  then 
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(2.3.3) 


0 


in  notation  slightly  different  fro?,  that  before.  The  enlarged  laser 
-  heasi  dis.  softer  (2*3*1)  at  range  P.  is  therefore 


k  0 '* 


+  ?  >"/•; 


(2.3.U) 


and  the  energy  flax  per  nr&t  area  received  there  is  proportional  to  the 
inverse  square  of  this.  It  is  now  obvious  that  the  factor  T(R)  by  ah ich 
the  energy  is  reduced  by  transmission  through  the  patchy  medium  is 


'rtnffipf 


(2.3.5 


The  filial  expression  of  the  transmission  law  (I)  for  a  patchy  medium  with 

& 

cell  site  S  is  thus 

.re 


(I) 


(2*3.6 
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TRANSMISSION  LAW  FOR  PATCHY  MEDIUM 


Hera  the  seen  «jP£tfV:ve  gradient  of  the  refractive  index  ^  in 

a  ceil.  (cr“~) 

TV  *  Angular  width  of  laser  '..car.  in  radians. 

S  «  Kean  cell  size  v':„iso  siting)  in  css* 

R  a  Range  at  laser  hx.om  to  observing  instra-.ent*  (cm. ) 

The  derivation  of  this  formula  i«as  disregarded  various  factors  of 
the  order  of  unity.  They  say  be  c  £*  * 2 X(ii*  ‘C  uC  fill.  wdi  Q Ti  in  the  definition  of  "'x, 
1*  gradient  of  refraetiv®  index,  c-r  in  S,  the  -siae  of  the  cell*  lince  trese 
both  occur  as  factors  of  yH*  it  is  very  easy  to  -compute  f(S-)  for  various 
assumed  values  of  call  site  5  and  gradient  Fa  or  laser  bass  angle  cx  . 

Tha  computation  amounts  merely  to  a  change  of  scale  of  R  and  can  be  done  by 

4, 

mental  arithmetic.  Figure  (2.3*1)  shows  three  curves  of  T(R)  for  values  of 
the  parameter*  abeam  in  Tools  (2,3.1).  Tha  transmission  for  sufficiently 


^la  (2  .3U1I 

I btftovtar*  For  The  Curves  In  Figure  {2*3,1) 
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large  ranges  R  varies  inversely  as  RS.  Thus  the  energy  fall  off  with  distance 
along  a  laser  baas  in  a  patchy  rcdi.ua  goes  inversely  with  R^.  In  the  strato¬ 


sphere  vhsra  long  range,  almost  horizontal,  cossunieations  sight  be  of  intoresl 


the  cell  else  S  night'  be  much  larpbr*  Thus  even with  such  smaller  TbTractlvo 
index  gradients,  the  Attenuation  of  a  laser  beam  could  be  significant*  The 
impression  gained  from  Figure  (2*3*1)  is  that  turbulence  and  other  patchiness 
is  always  likely  to  degrade  laser  beams  but  is  net*  by  itself,  a  primary  limi¬ 
tation  in  long  distance  communications# 


The  most  abundant  aerosol  in  the  atmosphere  is  liquid  water  in  the 
form  of  smell  droplets*  These  droplets  in  cloud,  h&se,  spray  or  rdst  will 
bo  used  as  examples  of  Category  B  where  the  particle  distensions  ara  comparable 
with  wave  length  (x  »  2  V  a/ A  )*  The  very  extensive  literature  on  this 
subject  has  been  suaaaarised  together  with  racy  of  his  own  results  by 
H*  C.  van  de  Sulst^*^**^*  The  exposition  he  presents  extends  to  very  &nail 
and  very  large  values  of  x  so  all  categories  A,  B  and  C  are  included  to  some 
extent,  but  there  are  sany  aspects  of  the  general  problem  that  arc  still  in 
an  unsatisfactory  state*  The  theory  for  refractive  ir*dar  a  which  theoreti¬ 
cally  may  be  of  any  magnitude  real  or  eosplear  Is.  readily  amenable  to  oowpu- 

*■ 

tation  ani  analysis  only  when  -  - . --  ---  - 


(f»«l/<<  1 


(2*L. 1 ) 


The  present  Article  will  be  restricted  almost  entirely  to  this  condition. 
Fortunately,  the  formulae  developed  under  the  restriction  (2.1;*!)  bold  veil 
enough  for  our  purposes  even  when 


(si-—  1}  a  0*33 


(2Uj*2) 


Light  Scattering  by  Ssi*'l  Particles  by  H»  C*  van  da  Hulsif  *  John  b*ley 
t  Sons  i  New  York  (1$S?)» _ _ _ 


as  is  tie  case  for  visible  11,  :.  -...sicic.v-  x:  liquid  water  droplets*  For 
laser  beass  corcauniestion  studies,  it  will  ..r,'  >•  bo  necessary  at  soaetino 
to  go  beyond  (2.ii*l)  because  many  laser  cy  arc  in  the  infrared  where 
liquid  water  shows  anomlous  dispersion  with  lor--;,  ,-*.r.\dly  varying,  cor.plox 
values  of  (»  -  1).  These  will  be  postponed.  Viater  droplets  in  cloud,  fog, 
end  gist  are  ®ost  efficient  as  for  near  visible  light  and  their 

absorption  properties  are  usually  o^ferslsadowed  by  this  &eatteri ng*  For 
narrow  apsctral  regions  in  the  infrared.  It  ay  he  noses  -ary  to  take  absorp¬ 
tion  into  account  and  this  will  bo  done  in  another  report  where  particular 
lasers  com  up  for  discussion.  For  long  range  laser  beans  in  the  strato¬ 
sphere  where  little  water  is  present,  it  *&li  again  be  necessary  to  consider 
absorbing  aerosols*  Here,  transmission  through  .scattering  atmospheres 
without  absorption  will  be  eostsspL&ted*  Molecular  absorption  in  las®* 
beam  will  be.  treated  later  in  this  article  under  Category  C  phenomena* 

1  light  ben®  with  a  flex  density  I  in  watts  per  square  centimeter 
would  deliver  ffl a2I  watts  to  the  projected  area  of  a  drop  of  radius  a* 

The  light  scattered  by  the  drop  could  be  written 

ir  a2  I  %  (2.1*3) 

where  Qa  would  be  a  measure  of  the  effectiveness  of  the  drop  as  a  seatterer* 
lb#  cross  section  for  scattering  CS{jat  for  the  drop  is  defined  as 


C, 


cat-  5 


^  a2  CL 
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(2.1.1) 


and  since  zero  absorption  is  ac  -u-t  this 
the  incicer.t  beam*  A  random  c/.i  .-‘.-ion  cf 
large  cp-  r-a red  vith  A,  vill  htv-  s  :onbi: 
cross  section  Coxt  =  Cscat  ."1”  -y 


is  the  total  energy  lest  from 
-uch  drops  separatee  by  distar.c-.  . 
nttv.vcAti or.  (or  extinction) 


<*  •  „  ' 
*v«  / 


*here  p  is  the  number  of  drops.  1 
in  the  atmosphere,  the  transmitted 
lengi*'  3  vo old  be 


-  V42t?J  e  ~m. 

fraction 


t  s'-*  ii  *  V  V* 


>**  r1 


a£tcr  traversing  a  path  of 


T(B) 


(a.it.6) 


This  is  not  yet  suitable  as  a  transmission  lav?  ooec  use  real 
aerosols  are  not  composed  of  particles  all  of  the  same  else*  .-.or cover,  w  . 
is  a  function  both  of  a  and  of  /.  and  it  :.ust  be  discussed  in  some  detail 
in  order  to  get  a  useful  formula.  The  k;,  suitable, explicit  expression 
for  Qs  is  to  be  obtained  from  van  ce  Hul;-  -  (1  >5?),  page  157  or  176.  For¬ 
mulae  for  his  quantities  A(p,  c)  or  car.  be  applied  for  our  purposes  in 
the  form 


where 


(2.L.7) 


P  =  2*U  -  1)  5  LaHl  {.t.  -  1)  (2.1 
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Figure  (2.4.0 
p.  19a 


DIMENSIONLESS  SCATTERING  PARAMETER 


w 


A  plot  of  Qg  in  (2.lj.7)  is  shewn  in  Figure  (2.U.1)  as  a  function 
of  particle  radius  a  for  (m  -  1)  »  0.33  and  j?  -  1  micron  a  10*^  c».  The 
limiting  value  of  Qs  for  large  p  is 

Qg  j  2  limit  o  ■'*'  *5 


vfcile  for  small  p  we  can  expand  the  trigonometric  terms  in  (2.1.7)  And  find 


Q* 


A 


£ 


2 


2a2 

T~ 
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limit 


b  £> 


(2.1.10) 


The  derivation  of  Qs  depended  cn  assuming  that  sc  >>1  and  so  geometrical 
optics  could  be  used.  It  is,  therefore,  not safe  to  use  (2.L.10)  for  values 
of  *-f'X  smaller  than  unity.  For  small  values  of  x  *  2  tt  ,  the  Bayleigh 

fourth  power  law  holds.  Then  * 


Qs 


_  16x2  jpf 

*“  ~W*T 


instead  of  (2.U.10).  This  means  that  (2.U.10)  overestimates  Qs  for  x  «  1. 

It  is  interesting  to  use  these  results  to  examine  familiar  condi¬ 
tions  in  the  atmosphere*  Figure  (2.h.l)  is  somewhat  misleading  in  that  it 
represents  the  comparative  effectiveness  of  the  same  number  of  droplets  of 
different  radius.  More  appropriate  would  be  the  comparative  effectiveness 
of  a  given  mss  of  water  droplets  as  a  function  of  the  particle  size  in 
which  they  are  dispersed.  Thus,  we  eliminate  N  in  (2*^.6)  by  means  of  an 
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expression  for  the  total  mass  \  of  the  liquid  vater  drops  suspended  ir» 
unit  volume  of  the  atmosphere. 


where If  is  a  before  the  nuaber  of  dregs- of  radius  a -per  unit  velur,*  aad  d 
is  the  density  of  liquid  mW»  The  Hrrlt*r“  sasc  oi  water  sur.por.ied  in 
droplets  is  surely  closely  related  to  th€  vapour  pressure  of  water  at  tempers 
tores  the  air  mass  is  likely  to  have  experienced  in  its  recent  past*  ?or 
definiteness,  m  can  i supine  that  the  maos  K  in  (2.&.12)  is  about  half  the 
liquid  water  content  of  a  e:»4c  can  time  ter  of  completely  saturated  iwator 
vapour  at,  say,  73°F.  This  amounts  to  assuming 

Mr  lOT^  graas/on?  (2.li*i3) 


The  atmosphere  could  contain  much  less’  than  this  amount  under  cry  conditions, 
out  it  could  not  support  mud:  nora  without  precipitation  before  long*  The 
transmission  factor  T(R)  in  (2  DOW  06C0S0S 


TOO 


3  « 
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a 


X  Q 


(2.1t*li 


tdwi*  (2*1*13)  is  used  for  H*  Evidently  the  distance 


DROPLET  RADIUS  MICRONS] 


Hi  “VISIQLE  RANGE  IN  I 
AS  FUNCTION  OF  PARTICLE 


(2.h. 1S)- 


.r, 

7.  x<y 
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is  the  distance  in  which  a  bean  would  ve-a'-'or,  by  a  factor  0  do*,  tn  scattering 
by  water  vapour  in  an  atmosphere  .x...teir;b  M  s  10*5  g/cc  of  Hr^ul  e  watnr 
— of-  unifora  drop  diaj&cter  2a  %  a  distance  of  three  times  as  nuch  is  known  in 
meteorology  as  the  "Visible  Range9*  At  that  range,  the  contrast  between  a 
black  object  and  the  horizon  haze  would  be  below  the  threshold  of  discrimina¬ 
tion  for  the  normal  human  eye  and  not  even  a  black  object  would  be  visible* 

A  plot  of  the  Visible  Range 


s  if  ^  s  k  x  105 


& 


(2.1.16) 


is  shown  in  Figure  (2*li*2)  as  &  function  of  drop  radius  a.  for  a  wave 
length  A  s  1  sdcron  »  10”^  un  and  2  mercn  diameter  drops,  i.e«,  a  -  lC“4cm, 
we  know  fro®  (2*ii*7)  that  approximately  Q  -  it  so  that  in  this  example 


P,T  a  1C"  a 


10  cm 


(2*1.17) 


In  such  a  fog,  it  would  literally  be  "hard  to  son  your  hands  before  your 
face9.  Since  fog  and  clouds  normally  have  micron  or  larger  particles  which 
are  comparable  in  C^,  it  mist  be  -.bat  the  liquid  water  content  assumed  . 

(M  »  NT*  g/cc)  is  very  much  hi;-h.cr  thar.  is  encountered*  Even  in  a  very 
dense  fog  or  cloud,  it  is  possible  to  see  the  wing  tips  of  a  piano  or  the 
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radiator  cap  of  a  car.  The  concisions  ray  be  drawn,  in  ary  case,  that 


clouds  cars  Win  rcuch  leas  than  1C  >  .-/ oc  and  c'iiut  liq«L4  •«-  U<r  d 


ei'erts  in 


nicron  range  are  very  effective  *  -  scattering  light  of  i-ravo  length 


1  udcron*  It  say  also  b&  ccnciuncv;  fro. 


*.  **•  ar.o  1 2  *21*13}  »rr.' 


Ey  would  go  up  linearly  with  particle  size 


*  :or 


of  constant  water  content  K*  Tin.-,  a  rlsi  with  1  am  drops  wul a  have  fc  ml 
2O0G  tines  greater  Visible  Range  :-w  than  &  1  micron  fog  of  the  earn  Ai^uia 
water  content*  Moreover,  if  the  droplets  were  dispersed  to  much  smaller 
size,  say,  2a  -  0*1  microns,  then  if  wo  tr.lc  note  of  (2*U*11)  we  sea  that 
.  for  2  -  1  asicron,  Qs  would  diminish  with  a“  and  would  increase  with  a-5* 
Such  a  fog  or  ss»k©  would  be  even  less  effective  than  a  sdst  with  very  -2« 
particles'  containing  the  same  total  amount  of  liquid  water* 

2m$  Transmission  laws  for  Thin  Clouds 

The  discussion  in  the  preceding  paragraph  showed  that  clouds  can 
be  very  effective  scatterers  and  that  drop  size  ia  a  very  important  parameter 
in  such  clouds*  The  comments  made  should  not  be  taken  to  mean  that  because 
of  the  great  effectiveness  of  water  clouds,  laser  beams  are  useless  over 
long  paths*  It  is  necessary  first  to  discuss  thin  clouds,  haze,  mist  arm 

~~ . other  climatic  conditions  more  normal,  or  at  least  sore  ccuaoa, over  wide 

areas,  than  dense  clouds*  Actual  clouds  are  polydisperso,  that  is,  they 
contain  particles  distributed  over  a  range  of  sizes*  The  total  effective¬ 
ness  is,  therefore,  not  described  by  (2,1.6)  but  rather  by 


(2*t>.D 


where 


(2.5.2) 


The  abundance  distribution  '*(s)  is  best  expressed  in  terns  of  cumulative 
U&i&  water  content  related  to  the  K  use*  in  the  preceding  paragraph.  Tho 
'Traction  ?{*}  of  the  Jtoss  K  of  liquid  kv.i*  suspended  in  unit  volume  in 

drop  sites  up  to  a  is  defined  as 


4j 


(2.5.35 


/CO 

; 

&  / 
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ir 


"Thedenosdnator  is  equal  to  -  -tho-  -  suspended  water  valazse  (or  the  mass  ■  of  sus- 
liquid  watO'**  per  unit,  volu&e  divided  by  the  density  of  liquid  water). 
This  can.  )w  expressed  as  the  thickness  of  the  water  layer  that  would  be 
:jffe|9Mid  if  all  drops  in  a  layer  of  atmosphere  of  unit  thickness,  say,  one 
'9«g|l»tof}  Kero  to  coalesce  into  a  sheet  of  liquid  water.  If  v*  call  r 
the  depth  of  liquid  taster  precipitated  or  coalesced  from  1  cm.  layer  of 
i&t&K$he**y  then  tin  total  Sickness  w  (ir.  centimeters)  of  precipi table 
water  in  a  path  P.  (in  centimeters)  would  be 


w 


IJwc  we  can  see  that  (2.5.2)  for  :  attenuation  coefficient  C*  can  be 


written 


W  HJ* 
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and  consequently  free.  (2.5.1)  and  (2.5*1) 
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/v 


*V<jr 


%  -  /  /?  ,4>  , 

/-wr  ,-A 

%  7  4  ■ 


O' 


/<7 


-£ 


(2*5.6) 


This  is  a  for®  of  Beer’s  law  lor  attenuation  of  monochromatic  radiation.  The 
exponent  is  proportional  to  tha  total  equivalent  depth  of  water  vr  even  though 


it  is  not  an  absorption  in  the  liquid  water  but  rather  a  scattering  by  drop¬ 
lets  that  is  described  by  (2.5.6).  The  proportionality  to  w  holds  even  if 
the  K  varies  along  the  path  a  so  long  as  5(a)  is  everywhere  sane.  Beer's 
lav  would  not  hold  in  an  atmosphere  that  varied  in  particle  size  distribu¬ 
tion  from  place  to  place.  It  is,  in  fact,  an  exceptional  condition  if 


Beer's  law  holds.  One  example  of  non-Bear  attenuation  has  already  beers 
noted  (2*3*6)  in  this  paper  and  others  will  appear  later.  Equation  (2.5.6) 


itself  deviates  from  its  simple  for.,  as 

/ 
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la  coot— pitted.  Bran  laser  bsana  which  am  notably  aonochro— tic  osnnot 
ba  Miwlteod  ••  ixponootial  ittemton  without  forth—  oenaidmtlon< 
tea  <j— nlity  dP/dt  la  (2.5  *5)  la  a  aaaa  distribution  function*  It 
dasorlba*  tht  fraction  of  ths  water  aaaa  par  watt  alia  rang*  in  the  sis« 
tXnaatd  da*  Only  a  anall  fraction  of  fete  —as  la  la  tha  fom  of  vary  sasll 
droplets.  iteospharic  aarotaLa  will  normally  show  a  wmsirnm  in  df/da  for 


ana  m  aora  —last  of  drop  radios  a*  Snail  drops  tear  to  «*cpor»t«  in  the 


preataat  of  largar  drapa*  Sits  is  United  os  tho  high  aid*  been— a  sattliag 

a 

rates  lnoraass  rapidly  with  radios*  1%  la  advisable  not  to  rsstrlct  dis- 
enssion  of  distribution  foactione  f*(o)  to  siwpla  powara  of  a  because  these 
would  not  paowit  a  sarlnwn.  tee  fora  selected  aa  interesting  and  general 
enough  to  discuss  la  a  ooabinatlon  of  tea  nagat &vo  powara  of  a,  naswly 


•  g  o 


8 


a  >0#  <2.5.? 


Sara  it  is  ii— ii  that  ag  >  >  1  to  scaur*  thht  tea  am  tea  a  naxi* 

sad  teat  tea  eaanlativ#  distribution  Is  finite,  in  fact 


(2.5.8) 


of 


aaod  bars,  tea  ooiodta 
of  n  pallor  tea  ««  is  naoioaory  te  finU  negative  valoas  of 


*  §  -  ^  ' 


If 


w 


?'(«)•  Th*  praataa  (m  of  f(a)  tor  wjr  mU  a  la  not  l*part*nt  boeauso 
of  tho  Minor  oontribetioo  of  aatll  miam  to  tba  Wtal  «m<  K  And  to  the 

total  teoHirtflf  offeotivoamo  (),*  It  is  oaaqr  to  wily  that  Don  proper* 

* 

ti«*  on  taken  into  aoc^ont.by  tdsstittrtinf  i***to*<f  of  (2*$*?)  tho  an 
explicit  oyatioa 


a  r  a0 
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(2.5.9) 


an<*  It*  integral 


Thia  function  dot*  not  ltt'vo  a  aagatlva  slop*  anyxfcoro*  Its  greatest  slope 
is  at  the  naximai  of  f’(a)  where  F*(»)  *  0*  Thia  occur*  at  a  eelu*  of  a 
celled  a^  iber* 


\  • 


(2*5.11) 


*  n«wd  toper  tut  rotfcee  U  ebere  the  eemSottve  function  P(*2>  mchM 
£to  olUttti  mint 


•  . 

Ataoeffeerlc  earned  diatributione  «xut  in  considerable  variety. 

It  ia  anwU|  not  •  <peetien  *f  predicting  the  function  p'(e)  but  rather  a 
witter  of  ede^tiag  e  formO*  to  tapir* eel  else  distributions.  The  isg»rtance 
of  the  mbjeet  bee  revolted  in  oony  ««periae»tal  progrent  end  hue  generated 
on  extended  bibliography,  e  etort  oa  which  ay  be  found  in  o  recent  article 
by  Bdbbiao*  Crocoo  oaf  Olaeaean.^2*^*1)  the  laaer  my  veil  help  in  the 


determination  of  particle  «i«o  distributions,  Md  so,  it  is  useful  to  treat 
tho  question  in  nm  detail. 

When  observations  of  cloud,  spray,  or  fog  mss  distributions  are 
node  sad  it  is  desired  to  try  out  the  two  power  formala  (2 *$•?)>  the  first 
problsw  is  to  find  tbs  two  exponents  end  Qg*  To  plot  the  Measurements 
and  asr«ly  oowpsre  with  corves  for  different  sets  of  r»g  expmsents  is 
tedious  and  unsound*  Far  better  and  more  efficient  is  to  use  the  general 
features  of  the  Measured  date  in  the  ne rater  presented  herewith.  A  smoothed 
curve  of  the  observations  would  show  isnsdiataly  what  values  to  use  for  the 
quantities. 

Sq  **  Ths  ssallest  drop  site  to  include* 

a^  «  The  drop  site  where  F*(a)  is  a  Maxims** 

T(*\)  *  The  cuMulative  fraction  up  to  «^« 

F*(aj)  -  The  mat  abundance  at  a^# 

a^  -  The  drop  else  corresponding  to  FCag)  •  $« 

•  The  wass  abundance  at  eg* 

These  will  serve  to  find  i*^  and  *»g*  By  specialising  (2*5*9)  and  (2*5*10)  for 

«  s  *1 

®2 

and  using  equation  (2*5*11),  the  exponential  (a^/a^)  can  be  eliminated* 

Then  02  can  be  eliminated  between  (2*5*9)  end  (2*5*10)*  Finally,  the  re¬ 
sulting  transesalsntel  equation  .for  oaa  be  Manipulated  into  the  fora 

%  n  ^  F,(a3L>  4  (1  -  F(ax»  (2.5.13) 


30 


which  it  «jj  to  solve  no— rioslly.  .1  fields  two  solutions*  As  could  be 
predicted  fro»  (2*5*11)*  one  soluble  fives  and  the  other  ng  (n^  n^). 
to  corroborate  tha  solution,  it  is  wall  to  solve  for  from  another  equa¬ 
tion  which  can  bo  derived  with  tho  holp  of  (2.5*9)  and  (2*5*10),  naiaeiy 


05  a  1  ♦ 


*!  F*(a) 


1  -  F<a)  - 


«X-1 


(a.5*iu 


It  is  also  helpful  aono ti— s  to  raise  both  sides  of  (2*5*13)  to  so—  higher 
power  to  laprore  tbs  Intersection  which  yields  the  numerical  velues  sought 
by  graphical  mens*  It  is  —tod  that  t ha  parameters  which  appear  in  (2*5*3 
end  (  2.5.11*)  -  (when  a  u  *%)  are  jest  those  listed  previously*  the  procedi 
outlined  is  practical  and  avoids  pitfalls  which  ar«  easy  to  fall  into  when 
formal  — thods  of  curve  fitting  are  need*  Of  particular  danger  are  the  in¬ 
fluences  of  sexy  high  or  very  low  values  of  a  in  prejudicing  the  curve 
fitting  process* 

An  artificial  sxawpl*  of  the  use  of  (2*5*13)  to  find  and  nj 
way  be  given  by  the  following  set  of  values  for  the  necessary  parameters. 


a1/ao  •  3/2  »  *  V? 


1  -  F^)  s  »/9 
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It  follow*  that 


i*I-l 

*»!  (2/3)  a  U/3  (2.5-15) 


Thia  la  easy  to  gussa  by  inspection  but  if  instead  it  ia  plotted  out  as  in 
Figure  (2.5.1),  the  root*  turn  out  te  be 


n^  a  2 
s  3 


(2.5.16) 


The  steeper  curve  is  a  plot  of  the  fourth  power  of  the  eq—  .ion 
just  given,  newly 


of  (4/3)*^  s  (8/»)k  (2-5.17) 

Figure  2.5.2  is  a  graph  of  the  corresponding  cumulative  mass  distribution 
function  F(a)  while  Figure  (2.5*3)  shows  the  aess  distribution  function 

ax7*(a)  for  the  sew  values  nj,  r  2;  ng  -  3. 

The  distribution  shown  in  these  figures  is  rather  broad  in  the 
sense  that  particles  raiding  over  a  thousandfold  in  individual  aass  con¬ 
tribute  significantly  to  the  total  aass  of  suspended  water.  Ihtural  clouds 
occur  which  have  each  broader  distributions  and  artificial  fogs  can  be  made 
With  -»Y»h  narrower  distributions .  Of  course,  it  is  easy  enough  to  describe 
distributions  containing  aore  than  one  eaadene  by  suadng  teres  siellar  to 
(2.5.9)  with  different  pairs  of  exponent#  and  ng. 


V 


On*  writ  ef  forwal*  {2.5*9}  is  tb*t«  when  applied  in  {2*5*6}, 
it  leads  to  en  explicit  treasel scion  lew  tor  wonoohrs— tic  rmdietioc.  In 
toct,  the  conbiosticn  ef  <2.ii*8),  (2.5*5)  end  <2*5*9)  yi*ld» 


in  abbreviation  for  (2*5*18)  is 


(2*5.20) 


ft 


«h®r«  the  symbol  I  is  defined  by 


I  (po>  “) 


The  drop  scattering  efficiency  Qs  es  written  out  in  (2.U.7)  con¬ 
sists  of  four  terns  composed  of  products  of  trigonometric  functions  end 
inverse  powers  of  •  the  Integral  (2.5.21)  will  thus  also  be  made  up  of 
elementary  terme  diich  wold  be  easy  to  treat  in  any  particular  case. 
This  does  not  suffice  because  all  physically  possible  values  of  n  are  under 
consideration.  (The  empirically  significant  rai*e  of  n  is  1-c  n-c  5  with 
important  values  in  the  vicinity  of  n  i  3.  Of  course,  n  need  not  be 
an  integer.)  The  parameter  jd  0  can  be  much  smaller  or  much  larger  than 
unity  and  aiythlng  in  between.  The  integrals  in  (2.5.21)  may  have  singulari- 
tles  at  s  0  or  infinity  according  to  the  value  of  n.  Bach  value  of  n  gen- 
aratee  about  li(n  i  1)  terme  before  a  manageable  or  negligible  residual  in¬ 
tegral  is  obtained  by  the  best  methods  so  far  attempted.  The  detailed  dis¬ 
cussion  of  the  general  result  is  too  unwieldy  and  obscure.  Instead  a  numer¬ 
ical  integration  was  carried  out  and  overall  properties  studied  in  the 
graphical  form  presented  in  Figure  (2.5.U).  The  integrals  I(  po,  n)  are 
inappropriate  by  themselves  beoause  of  their  very  large  values  for  small 
values  otp  Q  and  their  very  small  values  for  large  values  of  p  Q. 
trouble  is  avoided  by  discussing  the  product  functions 


This 


(2.5.22) 


/o'1  1  <  /*>■  “> 


which  p-  y  a  part  in  the  analysis  of  (2.5.21)  and  which  actually  appear  in 
(2.5.20  The  curves  for  I(  fa  1)  and  I(  fa  5)  which  are  included  in 
Figure  »  ,5.U)  are  aotually  outside  the  permissible  range  of  n.  They  are 
include  in  order  to  reinforce  the  suggestions  offered  here  for  the  re¬ 
duction  f  the  functions  (2.5.22). 

The  first  observation  to  make  on  Figure  (2.5.U)  is  the  asymptotic 
behavio:  at  large  abscissae  for  each  value  of  n.  This  io  an  obvious  con¬ 
sequent  of  equation  (2.1.9)  which  permits  (2.5.21)  to  be  evaluated  in 
the  li»:  of  large  fi0# 


(2.5.23) 


The  curves  in  Figure  (2.5.U)  all  seem 'to  converge  to  aero  for 
smII  values  of  fa  This  is  a  convenience  that  comes  from  the  factor  fan 
In  the  product  p?  I  (  fa  n).  This  product  may  be  imagined  to  be  expended 
in  a  Taylor  series  about  s  0  and  then  it  is  observed  that  the  constant 
term  ie  negligibly  small.  One  or  two  terms  of  the  Taylor  series  may  suffice 
for  swill  values  of  ****  these  ere  the  linear  end  quadratic  terms  in  fa 


3? 


V 


It  btcowi  apparent  after  »oh  consideration  that  for  small  values  of  po 
up  to  unity  or  slightly  greater,  a  Had  ting  expression  for  p  p0,  a) 
in  the  following  form  ii  udeqyei*  for  th«  present  discussion. 


lixit 


p.“if  p„.  »>  ~  |  <\  p.  *  «*  pa!>  <*•*•«*) 


Where  and  «g  aro  constants  whose  sum  is  not  very  different  from  unity, 
Formula  (2.5.2b)  has  the  desirable  features  that**  (a)  it  shows  c>  .:>at(p0,a) 
to  go  to  aaro  when  pQ  -**  0  for  ail  a}  (b)  it  allows  p^I(  po*  a)  to  reach 
about  its  asymptotio  sains  2/a  at  about  p0  z  1*5  for  all  ss  (c)  it  re¬ 
produces  the  curves  fbr  p0°I(  n)  in  Figure  (2.5*1)  at  least  qualita¬ 
tively  la  the  region  of  snail  values  of  j>o  vp  to  about  |3^  -  1.5 !  (d)  it 
can  be  manipulated  analytically  as  required  in  the  present  treatment  of 
cloud  transmission  and  so  provides  a  practical  approximation  for  (2.5*21). 

The  most  interesting  aspect  of  Figure  (2.5.1*)  is  that  for  values 
of  po  greater  than  about  p0  »  2  the  curves*  in  spite  of  their  rather 
complicated  shape,  are  separated  fr am  each  other  by  remarkably  constant 
displacements.  Thus  it  is  possible  to  say  that  n)  can  be  rep¬ 

resented  as  the  sum  of  too  parts 


</?©>  ♦  °2  <  fo*  a> 


(2.5*25) 


whore  tj^(  pQ)  Is  the  same  for  all  n  arid  thu3  will  cancel  out  in  equation 

(2.5.20)  which  contains  a  difference  of  two  product  functions.  The  tern 
p0,  n)  is  seen  to  be  filaost  constant  for  po>*  1*5  and  can  be  assigned 
the  form  (2.5. 21*)  for  p  <  1*5*  To  be  specific  at  the  price  of  a  small 
risk  in  numerical  accuracy,  the  constants  and  C2  in  (2.5 .2U)  could  aa 
veil  be  accorded  the  values  m  0.8}  Cj  s  0.1*  and  then  there  is  a  con¬ 
tinuous  transition  from  the  low  yOQ  to  the  high  p0  values  of  G(  pQ,  n). 

Now  at  last  it  is  possible  to  work  out  the  explicit  lav  for 
turbid  atmosphere  extinction  of  a  narrow  laser  beam.  Equation  (2.5*20) 
may  be  written 


<T 


.  ?  r  <■»  -  ^  -  x> 

5  a0  a 2  -  ^ 


(2.5.26) 


where 


J(  p0)  :  oif>t  *  A  <  1,5  (2*5*27) 


JCpol'T 


(2.5.28) 


and  approximately  a#  0.8;  cj  O.U. 

It  1*  easy  and  very  useful  to  get  rid  of  n^  and  ng.  First  simplify 


39 


(2.5.26)  to 


<T 


(r^  -  !)<:%  -  1) 

. -  -** 

31  H 


(2*5.25) 


and  then  riee  {2.5*13}  and  (2*5*1)*)  to  show  that  . 


{stg  “  1 } (rh  —  l) 

JT5i 


It  fellows  that 


(2*5*30) 


and  therefore  the  transmission  law  (2.5*6)  in  terms  of  water  w(s  t  R)  is 
finally 


_  3  v_  **  Pa* 

-0-R  «  ao  I  ~  F^l> 

(12)  TOO  a  «  t  «  1  *  a (2.5*31) 


{*0 


A  comparison  with  equations  (2.!..12),  1L)  and  (2*5,L)  provides  an  in- 

-  *  -  -  '  * 

torp  relation  of  the  first  part  of  the  exponential  in  (2*5*31),  namely 


If  v  {w-T E)  gr&ssa  of  voter  wore  in  the  fora  of  droplets  of  radios  &0» 

their  total  projected  area  would  equal  thin  same  expression,  ^  -2L,  , 

w  ao 

-2*  the  exponential  la  equation  ( 2*1*1  U)  the  quantity  Qs  would  be  inter- 
preted  as  tt»  efficiency  of  sphere*  of  radios  a  in  causing  scattering  and 
therefore .  extinction, .  Unit  efficiency  Q  -  1  aeaat  that  a  droplet  of 
rsilifts  a  r  wanted  froa  the  incident  beam  as  roach  light  as  would  fall  on  an 
area  tfa2*  Slsdlarly  the  quantity 


‘off 


JW 

l  -  F(a,  ) 
1  *  - , - £-» 

axF  (ax) 


(2.5.30 


is  interpreted  as  the  efficiency  in  extinction  of  the  actual  cloud  described 


b?  is  (£+5*3)  m  with  a  aloud  eX  the  mm  water  path  «  but 

.  conpoeed  of  droplets  «$ l  of  rediue  e^ 

»  is  a  int  interesting  property  of  Q^f  in  (2.5*32)  that  it  do«s 
aat  contain  tht  pa  hum  tort  and  Bj  of  the  apodal  tup  pmr  drop  spectra.® 

(2.5.10).  It  oar  therefore  bo  expected  the*  (2*5*31)  dll  describe  the  ex¬ 
tinction  of  cloud*  even  when  their  drop  doe  spectre  differ  considerably 
teem  the  Wo  power  foam  treated  In  thie  peragreph  so  fir*  it  is  unnecessary 
in  applying  (2*5*11)  to  find  the  paraeeters  1^  »nd  iij,  the  quantities  re¬ 
quired  can  bo  taker  diroetly  from  a  plot  of  the  empirical  drop  distribution 
function  F(a)*  In  Figure  (2*5*3),  the  radius  ^  is  the  abscissa  of  the 
mximm.  of  F*(a)*  The  slope  of  F(a)  at  that  point  is  shown  in  Figure  (2.5.2 
The  qdnatitias  1  -  F(aj_)  and  a^p'Ca^)  are  bo%laUceted  by  vertical  dia- 

taocea  in  tide  drawing*  the  ratio  of  these  Wo  distances  on  the  graph  is 

* 

all  that  is  needed  to  find  the  denoadmter  of  in  (2*5*32). 

Measurement  of  laser  beast  trensedssloa  non  bo  used  in  conjunction 
with  equation  (2,5*31)  to  give  some  valuable  inform  tian  on  the  drop  spec¬ 
tra*  of  e  cloud.  Discussion  of  further  properties  of  the  transmission  l&v 

/ 

is  continued  in  the  next  paragraph. 

Discussion  of  Cloud  Transmission  L* ws 

the  cloud  transadssion  law  (2.5.31)  has  been  put  into  a  staple 
fora  only  with  the  help  of  Key  drastic  simplifications  and  approximations. 
The  ala  has  been  to  arrive  at  a  useful  manageable  expression,  maintaining 
the  physical  characteristics  and  at  least  the  qualitative  noser leal  proper¬ 
ties  of  the  natural  system  to  be  studied.  Staple  as  it  is  In  for*,  the 

law  is  hard  to  oaooapaes,  largely  because  It  contains  at  least  five  eeeen- 

# 

tial  parameters,  thee#  say  be  listed  a*:- 

e 

w  -  suspended  liquid  water  path 


a0  -  ndnimua  significant  droplet  radirs 
^  -  wave  length  of  transmitted  light 

F(a^)  -  cuaulative  ma3?-size  distribution  parameter 

aiF*(a^)  **  size  abundance  distribution  parameter 
it  Is  not  eaev  to  discuss  the  formula  clearly  and  concisely  in  a  general 
sense  and  many  errors  of  expression  and  interpretation  have  shown  up  in 
the  literature  in  this  connection*  A  few  features  of  the  transmission  law 
will  be  Hated* 

(a)  Hie  first  portion  of  the  exponent,  namely  3v/Ua0,  is  the  projected 
area  of  the  total  amount  of  suspended  water  in  the  path  R,  assuming  it  to 

be  dispersed  in  droplets  ell  of  the  sane  radius  a0*  The  water  path  w  is 
usually  given  in  Millimeters*  In  that  case,  the  drop  radius  *0  should  also 
he  expressed  in  Millimeters*  Hie  rest  of  the  exponential  is  therefore 
interpere table  as  the  relative  scattering  effectiveness  Q^ff  of  an  average 
droplet  as  oonpared  with  a  droplet  of  radius  aa* 

(b)  The  ratio  V*0  is  *  S^>A  parameter*  Simple  water  path  v  is 

better  and  would  help  avoid  certain  misconceptions  In  the  literature*  This 

report,  later  on,  will  conbine  the  aQ  in  the  denominator  with  In  the 

iora  This  la  a  property  of  the  cloud  else  distribution  and  Measure 

2 

the  effectiveness  of  e  graa  of  water  in  a  1  era  column  of  the  particular 
cloud  in  the  size  distribution  characterized  by  the  quantities  F(a^)  and 
a^Ff(a^}  which  are  easy  to  scale  off  in  e  plot  of  the  nass  alia  distribution 
function  F(&)* 

(e)  Since  all*  of  the  elements  of  (also  v  and  a0)  are  positive, 

t*«  largest  possible  value  of  Is  2  and  the  smallest  is  0*  The  value  2 
is  approached  for  particles  large  co spared  with  ^  and  a  narrow  size  dis¬ 
tribution.  Broad  distributions  lead  to  snail  or  values  of  even  for 
large  **/^ « 


(d)  Th*  particular  *  lues  n~x  «  2,  nj  -  3  used  is  th*  special  exsjcpie 

mentioned  in  the  previous  .  tra graph  lead  ter  large  e^/j}  to  the  value 


W  *  2/3 


This  is  most  readily  checked  from  equation  (2.5*26). 

{•)  The  scattering  effectiveness  of  a  dead  of  particles  larger  than 

X  for  one  gram  per  cm?  of  suspended  water  varies  inversely  aa  the  radius 
«c  of  the  B&Rimra  water  drop*  It  has  the  form  *3Q4ffMia0  where  K  is  the 
path  length  In  centimeters.  Thus  if  the  relative  drop  site  distribution 
law  remains  unchanged,  a  reduction  of  the  minimum  drop  also  increases  the 
light  extinction,  i*e»,  reduces  the  light  transmitted,  so  long  as  the  mini¬ 
mum  drop  else  remains  greater  than  the  wave  length  of  the  light  observed. 

(f }  When  the  minimum  drop  radius  *0  is  much  smaller  than  X  so  that 

J(  f*Q)  in  (2.5.31)  is  proportional  to  y3Q,  then  the  scattering  effectiveness 
per  gran  of  water  suspended  in  1  cm?  of  cloud  of  a  given  distribution  Is 
independent  of  minimus  drop  site.  The  expression  for  <r H.  then  reduces  to 


0“R  s  £ 


M1- 


1  -F(ax) 


«  3^izr.,(m-ij 
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(2.6.1) 


be causa 


A  s  k  £*(»  -  1)  a^ 


If  the  distribution  is  narrow  enough  to  say  1  *  F(a^)  «  the 

expression  (2. 6*1}  take*  on  *  particularly  simple  and  important  fora 


m  Z.h  r  (a  -  1)  JL 

X 


(2.4.2J 


Site*  n  »  1  »  0*33  for  visible  light  in  voter,  this  amounts  to 


fr*R  * 
♦ 


(2.6.3) 


This  is  an  especially  striking  way  of  stating  the  effectiveness  of  a  eater 

cloud  of  smell  droplets  in  scattering  light*  It  shows  that  a  layer  of 

water  of  thickness  w  a  Jt  would,  if  dispersed  in  a  cloud  of  droplets 

smeller  in  radius  than  j|  ,  attenuate  a  light  bean  by  a  factor  of  e2*^  -  12* 

For  droplets  of  radius  nearer  Jt  ,  it  would  be  appropriate  to  add  a  quadratic 

team  to  (2*6*3)  that  would  about  double  the  magnitude  of  the  scattering 

effectiveness  of  a  given  cloud  water  layer*  The  cloud  would  then  be  more 

effective  In  scattering  for  shorter  wav#  lengths*  The  dependence  would 

be  expressed  is  an  exponent  containing  a  and  a  term*  If  this 

I'** 

were  put  into  a  single  A  term  as  frequently  done  in  meteorology  - 
following  A.  Angstrom  in  1929  -  the  exponent  <X  would  have  to  be  between 
1  and  2*  This  Is  actually  reported  to  toe  the  case  for  atmospheric  base 
and  is  called  Angstrom's  law*  The  derivation  of  this  law  in  the  present 
report  it  quite  different  from  those  offered  by:  van  de  Holst  (reference 


hS 


(2*h*l),  page  ill 6  to  U18).  These  are  all  subject  to  serious  criticising 
not  applicable  to  the  present  report* 

(g)  A  cloud  or  base  with  a  given  drop  else  distribution  ?(«}  Mill 

have  a  maximum  Monochromatic  extinction  coefficient  C'  for  constant  water 
path  v  at  a  wave  length  such  that  »  ac*  This  conclusion,  too, 

provides  rather  a  different  interpretation  from  that  usually  accorded  to 
chromatic  effects  In  ataospheric  attenuation*  The  practice  hag  been  to 
suppose  that  A*p»T  corresponded  to  the  most  abundant  drop  site  rather  than 
to  the  minimum  significant  drop  size  a0* 

All  of  the  attributes  listed  have  dealt  with  the  ecaitering  of 
visible  light*  If  infrared  or  other  wave  lengths  are  considered,  it  would 
be  necessary  to  remeafeer  that  a  is  net  equal  to  1*33  for  such  light  and 
sometimes  complex  values  for  refractive  index  a  would  have  to  be  contem¬ 
plated.  This  complication  will  not  be  attacked  for  the  time  being*  It  is 
more  important  at  this  moment  to  take  up  the  question  of  nonnaonochr as* ti c 
radiation*  It  might  seen  that  such  considerations  would  be  unnecessary  in 
connection  with  laser  beams  but  this  heretofore  universal  presumption  will  . 
not  always  prove  justifiable* 

Non-&>  nochroma  tic  Transmission 

The  wave  length  \  appears  in  the  transmission  law  (2*5*31)  only 
through  the  quantity  J(  which  is  defined  in  equation  (2*5*15),  (2*5*2?) 
and  (2*5*28)*  For  rain  and  aerosols  id»ae  droplets  are  all  greater  than  X  » 
equation  (2*5*28)  holds  and  there  is  no  apparent  dependence  on  X  •  The 
cloud  scatters  all  wave  lengths  equally  and  is  neutral  or  white*  This  cor¬ 
responds  to  every  day  observation  in  that  objects  seen  through  heavy  fog 
or  clouds  usually  do  not  show  much  colour  change*  This  result,  together 
with  others  mentioned  earlier,  support  the  general  characteristics  of  the 


pswev  also  distribution  formulae  for  F*(a)  used  to  illustrate  poly- 
dispersed  aerosols  in  this  report*  By  contrast,  sane  of  tho  diotricuticns 


vj  itujoCti  or.  p*  193 -b  of  erference  (2*b»l)  seem  to  depend  markedly  on  /\ 
ana  would  show  the  striking  colour  effects  characteristic  of  artificial  c»n; 


disperse  aerosols*  These  distributions,  in  tho  notation  used  In  the  present 
report,  would  have  the  forms 


a  <  aQ 


a  >*  aD 


a  <*C 


a 


o 


a  >  a© 


which  do  not  simulate  natural  aerosol  distributions.  Cne  distribution  dis¬ 
cussed  by  van  da  Hulst  (p*  19b)  is  equivalent  to  the  form 


This  one  is  similar  to  that  used  in  the  present  report  in  having  a  maximum 


hi 


for  son*  intermediate  value  of  a*  It  leads  to  a  grey  or  colourless  aloud 
if  the  center  of  gravity  of  the  site  distribution  is  large  enough*  The 
other  two  distributions  ere  truncated  on  the  high  side  Just  where  most  of 
the  water  mss  is*  the  truncation  is  bad  only  because  it  is  so  abrupt* 

The  distribution  used  in  this  report  could  perhaps  be  helped  by  a  suitable 
gradual  truncation  on  the  high  side*  this  is  not  difficult  to  treat,  but  - 

the  discussion  will  be  postponed*  'Hie  subject  of  non-Mno«hro»atic  light 

« 

is  treated  in  this  paragraph  in  a  preliminary  fashion  suitable  only  for 
thin  cloud  paths*  The  long  paths  required  for  actual  laser  bisaa  studies 
will  be  elucidated  in  a  sequel  to  this  report*  — 

When  the  particles  go  down  to  sizes  mack  smaller  than  A  so  that 
f>  o«1*  the  aerosol  is  no  longer  neutral  or  gray*  The  function  Hp0) 
has  the  for.  f  (J.5.27),  th.  Un«r  ta.  f>a  Ml  «*»*  1*  . 

A**1  dependence  on  wave  length  as  in  (2*6*1)  or  (2*6*3)*  The  long  wave 
lengths  are  less  scattered  and  the  residual  transmitted  light  tabes  on  a 
reddish  hue*  This,  too*  is  a  familiar  sight  and  again  quite  different  from 
the  varied  colours  of  the  sun  often  observed  through  artificial,  aonodia- 
perse  fogs. 

The  analytic  treatment  of  a  mixture  of  warn  lengths  is  sore  trouble¬ 
some  than  the  method  used  to  handle  a  mixture  of  drop  sizes*  The  transmission 
law  for  a  finite  spectrum  width  rather  than  a  single  wave  length  Is  ordin¬ 
arily  expressed  as  an  Integral  over  wav#  length  or  frequency*  Bare  it  is 
convenient  to  use  a  variable  proportional  to  frequency,  i*e«,  the  reciprocal 
of  the  wave  length  which  is  called  the  wave  nuafcer,  written  y  because  it 
is  proportional  to  frequency  *V  •  The  unit  is  reciprocal  centimeters*  Hie 

4 

definition  is 


y  .*  1 

3 


(2.7.1) 


whore  c  is  tho  velocity  of  light.  Conventionally,  the  total  transmission 
over  a  range  in  wave  number  V  is  written 


,  %  /  -d*(P)R  _  _ 

T(R)  -  /  e  K(v)  dT?  (2.7.2) 


where  K(7)  is  defined  as  the  fraction  of  the  total  beam  energy  which  lies 

* 

in  a  unit  wave  number  interval  between  V  and  V  *  d  y  •  There  is  no  ad¬ 
vantage  for  present  illustrative  purposes  in  using  the  complicated  expres¬ 
sions  for  K(  )  .which  can  actually  arise.  It  will  suffice  to  make  K(s^) 
constant  over  a  narrow  band  from  to  ^  80  write 


K(3  )  =  _1_ 

*2  "  Y  1 


yt<  :P<7i  (2.7.3) 


K(-P) 


y  <  or  p>*> 

(2.7.1 


K(?>dy-  s  /  K(^)  d** 


(2.7.5) 


li9 


The  transmission  integral  (2 *7«2)  can  be  worked  out  explicitly  under  each 
sere  general  assumptions  but  to  eliminate  unaeeassary  algebra,  the  aMple 
expression  (2.6.3)  will  be  discussed*  ]few  the  object  is  to  find  the  trans¬ 
mission  for  a  given  water  path  v  so  the  transmission  will  be  considered  a 
function  of  v  rather  than  geometrical  path  K* 


(2.7.6) 


the  no  nochroma  tic  law  which  is  often  regarded  as  suitable  for  a  narrow  spec¬ 
tral  range  in  which  the  absorption  coefficient  changes  only  slightly  is 
called  Beer's  law  and  is  written  for  the  present  conditions 


(2.7.7) 


where  *y*0  is  sons  frequency  in  the  region  to  *3^.  The  explicit  form 
of  (2.7.6)  ie  much  less  mat  than  (2.7.7),  namely 


?<v) 


-2*5 

e 

2.5w<  ?2 


(2.7.8) 


Obviously  it  reduces  to  (2.?. 7} 


he  licit  of  very  short  vater  paths 


2.5  (  ?2  -  V,)  V  1 


(2.7.9) 


It  will  to  appreciated  fro..  ti.«.  el.  cushion  after  equation  (2*6,3)  that  this 
is  indeed  a  severe  restriction  because  oven  a  layer  w  equal  to  one  wave 

length  in  thickness  would  fail  to  satisfy  (2.7*9).  For  thicker  paths,  the 

ratio  between  (2,7*3)  and  (2.7*7)  ia 


2.5<?V  ^  )v  -2.5(  7?-  ?> 

^£4,  .  s _ _ !_i_ 

•  ?  w  2.5<y2  -  rp  « 


(2.7.IC) 


which  is  always  close  to  unity  so  long  as  (2.7.9)  holds.  ¥hen  v?  is  large 
enough  so  that  2.5  (  “  >^)w  >•>*■ 1,  it  is  possible  for  T(w)/?  70(v)  to 

be  either  very  snail  or  very  large  compared  with  unity.  If  this  situation 
is  not  recognised,  a  turbid  atmosphere  could  appear  much  better  or  much 
poorer  in  the  attenuation  of  a  finite  spectral  band  than  expected.  This 
is  especially  serious  when  complicated  expressions  for  J( pQ)  or  K (?) 
arise.  Molecular  absorption  by  atmospheric  gases  which  will  be  treated 
next  is  particularly  troublesome  in  this  regard.  Meanwhile,  reservations 
are  to  be  held  on  the  tranari on  of  nc/.-TX>nochromatic  light  in  the  a  trios - 
phare  when  the  attenuation  is  jv..-.  eno-  to  reduce  the  primary  beam  by 
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crr>jr.-;  of  magnitude.  T'-cuo  a  v  1-  -srdor  -conus  aha  noneshroMrtJ  Lr. 
cushion  lavra  are  ar.rroxi"atc.  fr prohl  i,  further  cot plica  be..  for 
thick  scatterin''  layers  by  the  c  nbributlon  o'  r  "*i * 
which  can  be  .-.arc  Intense  the:.  ;.h,  attain..  :  rl  c:V  oeaa.  It  v:U.  tc 
necessary  to  return  to  this  question  lat^r  on  far  various  reasons.  Laser 
bea..,s  are  less  subject  to  misinterpretation  in  hazy  atmospheres  than  arc 
ordinary  sojutccs,  but  it  is  prudent  to  have  niugivings  on  this  scoro  evun 
for  lasers,  especially  vhen  they  fluctuate  in  rave  length  vith  tino  and 
emit  a  nu.Vr.cr  of  separate,  spectral  linos  or  bands. 

2.S  T later  Vancur  Absorption 

The  most  interesting  atmospheric  effects  on  presently  knovn  laser 

beams  are  those  due  to  the  fine  vibration-rotation  line  absorption  in  tho 

carbon  dioxide  and  water  vapour  of  the  atmosphere.  The  lines  occur  vith 

irregularly* varying  intensity  and  abundance  throughout  the  near  infrared 

and  even  the  reddish  part  of  the  visible  spectrum.  Emphasis  will  be 

placed  on  water  vapour  to  begin  Kith,  because  it  is  the  more  difficult  and 

more  important  constituent  to  discuss  as  well  as  being  the  better  known. 

There  is  a  program  at  the  National  Bureau  of  Standards  Laboratory  in  Boulder, 

Colorado  for  the  detailed  description  of  the  water  vapour  absorption  spectrum 

in  the  near  infrared.  An  appreciation  of  the  spectroscopic  aspects  of  the 

problem  and  the  extent  to  which  they  have  been  mastered  may  be  obtained 

(2  9  X)  (2  8  2) 

from  recent  publications  on  the  2.7  micron  water  band.  *  *  There 

_  _ . _ _  • 

(2.6.1)d\  y.  cates,  R.  F*  Calfce,  2.  W.  Hansen  and  u.  S.  Benedict,  "lino 
Positions,  Strengths,  and  Half-iidths  for  TTater  Vapor  Bands  2  ^  and  ”*3 

in  the  Interval  2857  to  lihlii;  cm"^n,  National  Bureau  of  Standards  Monograph 

::o.  71  C  _ ■’ 


(2.b.2 )r^vy,  .  '•.wgu,  RoborT.  .  folfee,  a-, 
mission  St.c:.ra  for  2.7  -  Micro:.  HgC  ronc.u 


:  Hansen,  “Com  -abed  Trans* 

i  Optics  2,  111?  (1^3). 


52 


3 


the  region  ire-.  2257 
'Thus  the  average  spacir.**  betwe. 
fi'Jth  rar.ves  fro-,  about  C.G3 


-crcr..  )  o  iJ;U.  or,  ^  (2.25  .microns). 
llr.es  lo  -rout  0.36  er.“^  while  their  half- 
to  a..  ,.t  J.l  cm  *  at  atmospheric 


pressure.  Too  cr.ance  that  a  re.*..;.;-.  wave  lc.->h  lr.  this  region  from  2.25 
to  3.5  microns  v 111  lie  vithin  a  half-width  of  a  line  strong  enough  to  be 
listed  is  therefore  about  1/3.  It  is  clear  tbrt  for  many  loser  beams,  there 
'■'fill  be  overlapping  with  water  vapour  absorption  lines.  (Sometimos  the 
absorption  between  lines  car.  r.o  i  .  ortant.  Often  the  wings  of  a  strong 
line  hide  many  weak  line-  lr  thp  vicinity.) 


Many  of  the  lines  listed  .by  Gates,  cl  al  would  be  too  weal;  to  in¬ 
fluence  a  laser  bear,  perceptibly  under  ordinary  atmospheric  conditions. 

The  situation  is  too  complicated  to  formulate  general  rules  for  deciding 
which  lines  can  be  disregarded.  It  is  much  more  practical  to  discuss  a 
particular  laser  radiation  and  consider  the  way  it  is  to  bo  used.  This 
will  be  done  in  the  sequel  to  the  present  report.  All  that  is  required  now 
perhaps,  is  to  give  an  example  wherein  a  typical  water  vapour  line  could 
play  a  part  in  laser  communication. 

The  He-Xe  gas  laser  reported  by  Faust,  IJcFarlane,  Patch  and 

M  O 

Garrett'  1  provides  a  suitable  illustration.  The  Xenon  line  at 
A  vac  =  2*6518  microns  {  V  ~  3771.0  cm“^)  is  listed  in  Table  III  of  refer¬ 
ence  (2.8.3)  as  a  strong  line  in  this  laser.  It  comes  in  a  strong  part  of 
the  2.7  micron  *?ater  band  discussed  in  the  N3S  reports  listed.  A  narrow 
portion  of  the  band  from  y  s  3771  to  y  =  3773  is  shown  in  detail  in 


(2. 3.3)3^  Yari*  -r.T 
.  i{,  January  1563*  7h. 

;  ’  o:> : :  cr.  or.  c  ires  1 ' 


.  •- 


- --  „  »l'nvr  -- 

.  -L  w  0  ■»  .1 


'  Proc.  1222,  Vol.  52, 
i ;  ciscussed  in  advance  cf 
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PATH  FOR  ONE  N  EPIER  ABSORPTION  [KM] 


,  % 


A: 


C  p.  P 


V/  *  O  :"V  ?  ^ 
V  i  w  w  .  . 


rv> derate  arw  soze  rathe.1 


1.3  9.rai„  V'-'c 


interval  and  the  absorption  ce-'-.V.  eicr.  from  very  high  to  no  dura' 


value.;  ~n  this  interval.  The 
short,  vertical  lines  located 
The  graph  attempts  to  give  a 


positions  **f . these  lines  are  indicated  tv 
one- third  the  vay  up  across  Figure  (2.8*1). 
physical  or.  hr  standing  of  water  vapour  absorp¬ 


tion  in  the  near  infrared.  *n«at 
monochromatic  light  team  at  each 
v:ould  bo  attenuated  by  s  factor 


.3  plotted  is  the  distance  in  vhich  a 
avs  length  across  the  spectral  region 
due  to  '■■a ter  vapour  absorption  if  the  sea 


level  atmosphere  via  a  at  50°?  and  had  a  relative  humidity  of  LO  percent. 


This  distance  is  called  the  Nepicr  absorption  path  for  these 


con i j tions. 


The  ^pier  distance  is  computed  ,'ltu  the  help  of  line  position. 


strength  and  ha If -width  data  tabulated  in  reference  (2*8.1).  The  method 
will  be  indicated  later,  but  first  the  figure  will  be  discussed.  The 
major  contribution  to  the  absorption  throughout  this  interval  comes  from 
the  strong  lines  at  X  z  37TC.lt?  and  376:?*  80  which  are  outside  the  inter¬ 
val*  The  weaker  lines  inside  she  interval  sre  insignificant.  The  inter¬ 
mediate  lines  are  of  minor  importance  because  nowhere  do  they  modify  by  as 
much  as  SO  meters  the  distance  at  which  a  certain  absorptanre  would  be  ob¬ 
served.  (At  higher  elevations  their  influence  would  be  nore  significant 
because  the  line  shapes  change  with  pressure.  The  strong  lines  would  in¬ 
fluence  a  narrower  spectral  region.  Background  absorption  would  be  weaker 
and  ifepier  bange  greater.  This  rakes  the  weak  lines  more  important  for 
two  reasons.) 


A  laser  beam  line  at  2.6518  microns  would  be  attenuated  by  a 

2 

factor  e  in  traversing  25  orters.  In  50  meters.  It  would  to  e“  reduced 
and  at  ?5  r.eters,  =  20  fold  absorbed.  It  150  “ctors, 
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the  at uo ratio r. 


-  .  J 


would  t  i  kOO  fold*  Evident!#  *  laser  eoee  at  this  -wave  i*n«  ;r.  * 
long  rang#  eoiwaumi  cation  implemnt*  If  the  r«i*Uw  hurddity  aror-e  to  c  , 
the  Heplar  distances  cited  all  go  or  Wo  fold  and  the  statement  just  at  de 
holds  as  wall  as  before  *  A  change  in  temperature  *&thtn  the  bounds  of 
reason  does  not  change  the  situation  drastically*  Only  a  change  of  height 
in  the  atmosphere  would  make  a  m jor  difference*  If  the  wave  length  would 
change  merely  fro*  2*6518  to,  say,  2.6508  microns,  the  various  ?tepier  dis¬ 
tances  would  increase  by  a  factor  of  about  six*  Evidently  it  is  necessary 
to  be  vary  specific  about  details  in  drawing  conclusions  about  laser  bean 
trana mission  because  conditions  change  so  rapidly*  At  another  wove  length, 
say,  3*5080  microns  for  example,  where  reference  (2.8*3)  lists  a  very  strong 
laser  line,  the  absorption  effectiveness  of  water  vapour  is  orders  of  magni¬ 
tude  weaker  than  in  the  midst  of  the  2*?  micron  band  which  is  so  strong 
that  no  observable  intensity  of  direct  sunlight  in  this  band  reaches  the 
earth*  By  contrast,  the  vicinity  of  the  3*5080  micron  laser  is  free  of 
observable  water .lines*  The  overall  conclusion  so  far  is  that  a  further 
examination  of  water  vapour  transmission  is  worthwhile* 

2*9  The  Water  Vapour  Transmission  law 

The  attenuation  of  a  laser  beam  is  described  in  this  report  by 
a  transmission  function  T(R)  when  the  geometric  path  length  R  Is  emphasized 
and  by  T(w)  when  the  depth  of  water  v  traversed  is  emphasis '.1*  This  water 
depth  w  is  defined  as  the  thickness  of  the  layer  of  liquid  water  that  would 
be  produced  if  the  water  In  the  system  considered  were  condensed  into  a 
homogeneous  liquid  sheet*  Previously  the  system  consisted  only  of  the 
liquid  droplets  suspended  In  the  atmosphere*  They  attenuated  the  beam  by 
scattering*  Jte»  attention  is  directed  to  the  molecular  water  vapour  alone* 
The  water  molecules  absorb  the  light  and  thus  attenuate  the  beam*  If  the 


U«H  *•»  ; .  li  is  ilf rased  la  dineU«i  end  * vi.il 

i«  *smt.  . *  '■*■  tf*#  prtafery  to  who  §«  traassisslca  la  a  lulled  bcra*  Iha 

sywboif  for  trensnissioa  lava  used  earlier  in  this  report  can  serve  for 
aelecular  absorption  equally  veil*  the  Absorption  coefficient  CT  haa  to 
be  specified  in  units  appropriate  to  the  amltipiylng  factor  R  or  v  which 
appears  in  the  fonaula  for  transed avion*  Time 

-  <r  w 

T(v)  s  • 


implies  that  0*  is  expressed  in  reciprocal  centinetere  of  water  depth  if 
w  is  in  centimeters  of  liquid  water#  A  widely  used  fora  of  Molecular  ab¬ 
sorption  lav  dm  to  H*  A*  Lorents  is 

( Wv) 

O-C?)  ~  - - - - -  (2*9.1) 

(9-Zf 


This  applies  to  an  absorber  with  an  absorption  maxi ourc  at  wave  number  Vc, 
a  spectral  *hfilf -width*  of  ,  corresponding  to  the  wave  number  shift  where 
the  absorption  coefficient  has  half  the  sjaxiaua  value  and  a  strength  S  de¬ 
fined  by  the  integrated  absorption  coefficient  so  that 


(2.9.2) 
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print*  for  preaert  purposes  in  that  if  iTr^n  are  sapr  i.n  sa*4, 

an*  the  lsalf«Xlfi  Of  *r*d  iiia  strength  5  va tais«a  free  the* at  iibloa, 
the  results  will  be  in  reciprocal  cnaii.natsrs.  If  paths  traversed  by  the 
light  )NtfM  are  expressed  in  centimeters  of  equivalent  liquid  water  con¬ 
tained  as  vapour,  the  product  r*  v  will  be  dimensionless  as  required* 

There  will  l>«  an  Absorption  transition  for  water  vapour  at  each  ksv*  numuer 
position  -y  ^  listed  in  the  tables  and  a  corresponding  absorption  tern  of 
the  form  (2.9*1)  for  each  position*  Thus  at  ary  spectral  position  ,  the 
absorption  coefficient  $*{$?)  taking  into  account  all  absorption  transi¬ 
tions  would  have  the  fossa 


(2*9.3) 


It  is  clear  that  terns  for  Vj  remote  enough  from  V  will  make  no  signi.fi 

cant  contribution  to  (2*9*3)*  The  ®ary  closely  spaced  lines  in  the  tables 

» 

indicate  the  great  numerical  complexity  of  the  problem  and  it  is  obvious 
that  only  a  large  digital  computer  would  handle  it  satisfactorily.  A  form 
preferred  over  (2*9*1)  in  this  report  is 


?nii  s'-.ow.  clearly  no*  lb#  «.• .  •  „ 


ty 


<2.9.5) 


and  how  « ^  defines  the  half -width  In  such  a  way  that  when 


*■  -  ■  « t 

the  local  term  in  the  absorption  0*  {  V  )  has  dropped  to  one-half  of  its 
value  at  the  center  It  ig  a  fortunate  circumstance  in  getting  a 

feeling  for  water  absorption  that  while  the  strengths  S.  tabulated  for  the 

X 

n  |v 

2.?  »d cron  band  vary  from  10"^  to  almost  10  ,  the  half-widths  vary  only 
about  threefold  from  about  0.03  cm"^  to  about  0*1  c m“^.  It  is  a  fair  es¬ 
timate  to  take  for  all  strong  lines  a  rough  mean  value  for  all  1 


c<  -  0.0?  cm"1 


(2.9.6) 


It  follows  that  at  any  position  -y.  the  absorption  contribution  of  distant 
lines  (and  even  nearby  ones)  will  be  approximately 


0.02 


v  -  ?V/ 


(2.9.7) 
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atrov  I.nes  eytcr.i  their 

proportional  to 


-jer.ec  cr  a  jicctraf  rcr.ior.  rou.-  re 


.2,5 


.8) 


This  is  wha t  explains  the  dominant  trend  of  the  Ncpier  path  carve  shown  in 
Figure  (2.8*1).  It  also  indicates  that  for  distant  c orrr.ani c a ti o ns ,  laser 
lines  far  awey  from  strong  water  lines  must  be  selected.  The  strong  water 
lines  are  concentrated  near  band  centers.  3c tv, -eon  bands,  there  are  regions 
called  windows  -where  few  lines  are  found  and  practically  no  strong  lines 
occur*  lasers  that  audit  in  these  windows  are  likely  to  be  the  ones  that 
reach  to  great  distances.  The  intensity  of  the  laser  radiation  is  less 
important  than  its  absorption  coefficient  which  appears  in  the  exponent 
of  the  transmission  law* 

The  considerations  of  water  vapour  absorption  so  far  have  pre¬ 
sumed  only  monochromatic  laser  beams.  When  multiple  discrete  lines  or 
continuous  bands  are  emitted,  it  is  necessary  to  »  or  integrate  over  the 
spectrum*  The  summation  is  conventionally  carried  out  over  all  frequencies 
or  wave  lengths,  but  a  different  procedure  will  be  presented  here.  It  has 
been  developed  to  handle  the  problems  of  exponential  attenuation  which  were 
alluded  to  in  paragraph  /?*?).  There  it,  brought  out  that  small  changes 
in  exponential  absorption  coefficients  for  composite  radiations  can  make 
major  differences  in  the  composition  of  the  radiation  transmitted  through 
long  paths* 

The  absorption  coefficient  <T(  )  in  (2. 9. it)  shows  how  the 

absorption  at  a  single  frequency  V  is  influenced  by  selective  water 
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varour 


q 


*  (Anri' 

WVitW,/ 


adsorption  at  various  fru  ;u<.ncicu  /.  »  If  there  are  different  ire- 

■  a 

components  ^  of  the  laser  in  the  proportion  K^(y  )  so  that 


My  )  £  i 


(2,9, 


then  each  component  has  its  own  absorption  coeffici  ?nt  t?Z  (  y  )  and  the 
transmission  at  water  path  v  has  the  form 


'(w) 


\{v  )  o 


qiy 


hr 


(2,9.10) 


where  each  (  *v> 


is  described  by  its  own  equation  instead  of  (2.9.1) 


(2.9.11) 


Each  laser  frequency  has  its  own  Hepier  water  path  which  is  the 
reciprocal  of  (  y  ).  If  the  relative  strength  of  the  component  of 
wave  number  y'vj  is  written  Kv (<7*  )  this  emphasises  the  fact  that  the  com¬ 
ponent  has  a  characteristic  w' v,  as  veil  as  a  frequency  or  wave  r.urher 
'The  expression  (2.9.10)  say  therefore  regarded  as  a  suxnation 
over  absorption  coefficients  rather  than  a  surmtion  ever  frequencies.  If 
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moreover  -  laser  emits  a  continuous  ban,;,  the  spectral  distribution  in 

the  interval  d  could  be  describe!  by  K(  *?^^)d  or  equally  well  by 


/ 


where 


(2.S.13) 


( 


/ 


is  the  slope  of  the  absorption  coefficient  curve  in  the  particular  band  or 
region  denoted  by  subscript  b«  If  the  absorption  coefficient  curve  is  con¬ 
tinued  across  the  spectrum  instead  of  covering  a  single  narrow  band  of  fre¬ 
quencies^  there  will  in  general  be  unary  different  places  where  the  same 

* 

absorption  coefficient  tf'  would  arise*  Thus  the  summation  would  include 
many  terras  each  with  the  same  exponential  factor*  The  general  transmission 
law  for  the  entire  laser  beam  including  many  lines  or  continuous  bands  c  n 
now  be  written 


(2*901) 


Tne  summation  in  (2.9*11)  will  be  called  the  oxp*  iatioa  of  (3s*  or  the 
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V 


distribution  and  will  be  assignee  the  symbol  p(  C"  ). 


pCcr ) 


(2.9.15) 


It  is  a  joint  property  of  the  laser  beam  through  K^(  £T  )  and  of  the  absorbing 
medium  characterised  by  (d<T  /d  V  )b.  The  fact  that  is  not  a  unique 
function  of  will  not  be  trpublesome  if  the  regions  b  in  the  laser  spec¬ 

trum  are  defined  in  terms  of  intervals  between  successive  maxima  in  the 
absorption  coefficient  curve  0”  (  T7^).  The  singularities  at  the  points 
where 

z  O  ' 


will  not  be  serious  because  they  make  infinitesimal  contributions  to  the 
integral  (2.9.1ii)»  (It  would  be  out  of  place  to  dwell  on  the  many  inter¬ 
esting  mathematical  properties  of  the  present  argument*  They  sight  obscure 
the  physical  conception  which  is  quite  simple  when  once  perceived.) 

The  distribution  p{  <7“  measures  the  fraction  of  the  total 

initial  laser  beam  in  the  absorption  coerricienr  interval  d^flr  •  The  final 
transmission  law  is  new  seen  to  be  the  Laplace  transform  of  the  absorption 
coefficient  distribution 


*f<w) 


<r  w 


III 


p(  cr*  )de- 


(2.9.16) 


It  would,  of  course,  have  been  just  a3  easy  to  cefir.e  absorption  coefficients 
in  units  appropriate  to  geometrical  paths  R  instead  of  water  path3  ^  . 

Then  that  transmission  law  would  be  written 


III* 


(2.9.1?) 


This  would  be  just  as  convenient  as  (2.9*16)  but  in  some  discussions  would 

4 

describe  conditions  in  a  geometrical  way  easy  to  visualise.  The  HI  or  III' 
are  suitable  for  extinction  in  scattering  media  as  well  as  for  molecular 
absorption.  They  transform  an  observable  function  p(  c~)  of  the  absorption 
or  scattering  coefficient  to  another  observable  function  T(R)  or  T(v)  of 
the  path  thickness.  The  exponential  expression  i3  not  an  approximate  or 
empirical  quantity  but  a  definite  operator.  The  uncertainties  in  absorption 
coefficient  which  were  discussed  in  paragraph  (2.7)  are  removed  from  the 
sensitive  exponential  operator  to  the  pliable  functions  p( )*  This  is 
more  than  a  sere  convenience  as  will  appear  in  the  sequel  to  this  report. 


6U 


3*  Comments,  Conclusions  and  aurr^ry 


3*1  Illustrative  Computations 

Transmission  forculac  111  and  III 1  ir.  the  lest  paragraph  are 
simple  enough  when  a  suitable  form  for  t hr-  absorption  coefficient  distri¬ 
bution  p(<3")  is  at  hand*  The  problem  for  the  complicated  absorption 
tra  in  the  atmosphere  is  to  find  a  workable  expression  for  p(  £>  ).  The 
presentation  used  here  is  novel  enough  to  justify  an  illustration  of  how 
equation  (2.9*17)  works  out  when  absorption  linos  of  Lorontz  shape  (2.9*1 ) 
occur*  Thus  it  is  supposed  that  only  one  term  counts  in  (2*5*U)  and  fur¬ 
thermore  suppose  that  for  all  frequencies  y  of  interest 

—  ~y  (3*1*1) 

so  that  it  is  persdssib]®  to  write  approximately 


(3.1.2) 


and  therefore  to  use  in  (2*9*15) 


65 


(3.1.U) 


.no  that  si  ace  only  one  terr.  i~  no-  6 


p(  <r  tee* 


<X  3 
2  T 


'The  function  K(  C"  )  was  defined  as  the  incident  light  spectral  distribu¬ 
tion  in  terms  of  absorption  coefficient  £T  *  The  example  chosen  now  is 
for  an  incident  spectrum  which  is  gaussian  about  the  absorption  line  whose 
center  is  at  frequency  or  wave  aersfcer  9  Qt  that  is  assume 


-©(  V 

K(  yf  }  ^  e 


-s(a"  +  ( 
e 


9  - 


-5>0)2> 


Then  K(  0~  }  would  have  the  form 


_  aS«  1 
IT  t 

K  (<D  ~  e  (3.1.5) 


and  the  transmission  law  (2.9.17)  is 
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A 


where  KQ  is  simply  a  normalizing  factor  to  bo  chosen  so  that 


iwj  a  x 

and  the  transmission  is  100  percent  .for  zero  path  (R  =  0).  The  expression 
(3*1*6}  is  a  standard  Laplace  transform  found,  for  example,  in  the  tables 
of  the  Handbook  of  Chemistry  and  Physics.  It  is  seen  that  for  any  path  R 
the  transmission  is 

T(a)  - 

A  most  interesting  feature  in  (3*1*?)  is  that  the  path  R  appears  under  a 
radical  in  the  exponential.  This  so-called  square  root  law  is  observed 
for  absorbers  with  line  spectra  provided  they  arc  in  a  special  thickness 
range*  They  must  not  be  so  thin  that  the  line  centers  play  a  part.  The 
light  near  the  line  centers  is  not  properly  treated  in  equation  (3.1*2). 
They  must  also  be  thin  enough  so  that  the  light  very  far  from  the  line 
center  passes  through  the  absorber  almost  u;  Attenuated.  The  Lorents  line 
shape  formula  on  which  this  computation  depends  does  not  hold  far  fro®  the 

6? 


i 


01 


•rest  in  passing  ia*.;«:r  evdiation 
dc  sc  the  kind  of  sub  \.c to 


which  it  could  emit  itself  ri-ht  of  ir 
through  another  later*  This  nay  not  se=: 
treat  in  this  report  on  eomr.ur.i  cc  tic  ns  end  sc?  an  apparently  quit,  eiffnr>:n 

example  is  offered* 

Consider  a  laser  bean;  covering  a  narrow  spectre!  rar.rc  ^.tveer 
V  *  and  o 


-S  7?  ■<•  o7" 


«  ^ 


«  1  \ 


end  of  uniform  spectral  strength  withir.  this  interval  so  that  K<  v  )  or 

K(<f~)  ir*  (2.9*15)  would  be  constant  within  (3*1*^)  Kr-{  &- )  s  — -it — 

p‘2  “  y  x 

and  aero  outside.  Let  the  region  0*1*8)  lie  fairly  close  to 
one  particular  water  vapour  line  and  remote  enough,  from  all  others  so  that 
only  one  ter®  need  be  considered  in  (2.9*  S )•  The  assumption  will  be  made 
again  that  water- vapour  has  iorenis  line  absorption  and  that  approximately 
(3.1*2)  and  (3*1*3)  hold,  tow  with  these  assumptions 3  the  transmission 
(2.9.16)  can  be  written 


T(w)  r 


y2 


-  v\ 


-  ^  d(  y  *  =p  ft) 


dO~ 


d<r  (3*1.9) 


0/ 


where  by  (3*1*2)  the  limits  are  defined  by 
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Integration  by  parts  shows 


The  integral  is  easy  to  work  out  or  find  in  a  table  of  Laplace  transforms* 
The  result  is 


o9 


:o  get  ths  sir—  right  ir.  thi . 


/  •  '  .» ...  -i  v  • 


n*'Cu^  tfO  i»o  curv  i  -.t.1 


and  note  that  In  the  light  of  C.l.i5} 


and  so  the  Integral  in  (3.1.10) 


inverted  relative 


to  the  no r..ml  direction 


of  'intaprati.cn. 


An  interesting  and  important  vari  cf  (3.1.11)  is  obtained  when 
j?j  coincides  with  the  absorption  line  center  vo*  Then  (3.1*11)  simpli¬ 
fies  to  a  single  term 


T(v) 


y  nr  cp-w  .  erfc 


(3*1.12) 


O 

This  is  regarded  as  the  fundamental  trar.s.riasion  formula  for  *u  absorber 
with  rams  larenta  lines*  The  situation  is  actually  very  similar  to  that 
in  the  first  example  described  by  (3.1*6).  In  both. examples,  the  spectral 
Intensity  is  essentially  a  step  function  which  is  aero  for  small  <T“  and 
constant  for  large  The  exponential  square  root  law  (3.1.7)  sterns 

quite  different  from  (3*1.12)  but  when  (3.1.12)  is  calculated  cut  it  is 
for  all  practical  purposes  the  same  as  (3.1.7).  This  important  fact  is  in 
good  agreement  with  observations  on  the  absorption  of  infrared  light  in 
made rate  tatter  paths  -  up  to  about  1  millimeter  of  precipi tabic  water* 

The  great  significance  of  (3.1.12)  arises  because  it  can  be  shown  to  apply 
across  the  entire  infrared  absorption  sp<  vrua  of  the  atmosphere.  A  narrow 
laser  bos::,  absorption  can  be  derived  by  taking  a  weighted  difference  between 
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;nt3  c-  i 


;V«  '  u  ...  r : 


V2* 

Vhera  are  .tarsy  details  to  take 
entirely  acceptable  fornulntion  ;,  ’  .-arr: 
it  is  best  to  postpone  these  o-  v-1',  o  ur.; 


a ;'-ru  (3.1*12)  can  provide  a 

it!  y-i;  v  C-i  f ?  :K'  i  ",  .>  e  O'i  j  a 

2  tcific  rei  d  rtrxr.i  for  th& 


*  *»'  *#4  > 


in  tan- 


3*2  Broad  laser  Spectra 

It  is  characteristic  si  '.ohare.it  tear, 
si  ties  vary  rapidly  with  wave  It  r.pth*  7  .>  ir  .:p  ^  0  v*  ai  •••let.'}  ~cy  hc'  narre.  .,■ 
than  the  line  width  <?  chart.;- ter  I  ;tic  of  voter  vapour  where  ©>•  0*1 

but  often  -  especially  for  s«rd-co.-.,vij etc.-  lasers  *  there  is  evicer.ce  of 
broader  ernoaions*  ;T  lit  crtcrirt.tk'.i  verh  repurtud  in  the  liter-  n 

so  far  depended  on  equipment  incapable  of  resolving  better  than  10  wave 
numbers  which  is  several  tizses  the-  spread  of  Figure  (2.8*1)  overlapping 
more  than  ten  water  lines.  In  such  a.  bread  region,  the  Kepler  path  could 
vary  by  orders  of  asgnitude  as  it  ooes  in  Figure  (2*3.1).  Without  knowing 
the  fin®  details  of  the  laser  erdsuion,  it  is  not  f entitle  to  give  a  close 
estiaate  of  transmission  in  such  a  situation  -  ai though  He! ting  values 
could  It  stated*  On  the  other  hand,  as  observation  of  the  transsicsion  cf 
a  laser  beam  sight  provide  a  relatively  easy  way  of  finding  out  sos-u  de¬ 
tails  of  its  spectral  distribution.  If,  for  era -.pie,  a  laser  line  near 
i(  =  3.6518  Microns  in  wave  lenrth  hoc.  a  Mepier  path  leas  than  30  mete.-*, 
of  air  under  the  conditions  of  Figure  (i.S.l),  then  it  is  clsar  fron  the 
figure  that  there  could  not  be  as  much  aj  30yS  of  the  bea.-n  in  the  wave 
length  region  shorter  than  /»  ~  3 .6:5*1/ .  If  the  l~pi^r  path  ion  >  . 

than  10  meters,  there  could  hardly  e  an  rueh  as  half  the  rail  v  in  t  - 
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v&ticn  oX  the  atmospheric  tran.-v  in : : 
give  ..aye  detailed  ir.forraticr,  c-.  f 

J  *  -3  V  >  •  e  ^  .*.  '  ‘ 


.  .  W  » 


the  laser  radiated  nar-rov 


*.  -v 


i  >j  ’C  V  W* 

•iU  .".  *.  XV  J  «X  V  -  aJ  u  «  u*  *•*  3£>  a-  J. 
a  r,  '.  ’•-*  /  w  JL£jr*,^*»n  vx  h?x :  *%*  •  ^ 

>ht  be  feasible  to  conclude 
ision  curves  a uch  as  that  in 


the  transmission  were  monitors-..  - 
how  wave  length  changed  by  scans 

Figaro  (2*5*1).  _ _ _ _ 

3*if  Tesyerataro  and  Treasure  Effects 

"The  laser  system  its •:.!.'  is,  of  cou 
environmental  effects.  The  ©hs^r/ei  shift-  in  -..uve  length  or  spectral  dis¬ 
tribution  can  easily  bring  th;  ii/rht  ir.-c  sr  cut  ;.v"  a  region  of  strong  ab¬ 
sorption  because  the  absorption.  cc efficient  <  •  {  ; ' )  for  water  v-.-aur  or 
30$  is  such  a  sensitive  function  o-‘  frequency.  it  is  to  be  ejcpccWd  that 
solid  state  infrared  laser  tea’-,  intensity,  for  example,  vill  she,;  compli¬ 
cated  drifts  when  observed  through  long  air  paths.  J. all  spectral  shifts 
wight  scarcely  Influence  aerosol  attenuation  hut-  coals  _  .-o-iueo  violent 
changes  in  vapour  absorption.  This  naj 
between  the  two  kinds  of  attenuation, 
exafistnaticr.  when  particular  last, 
door  paths. 

The  primary  topic  for  this  paragraph  is, however,  not  the  changes 
in  the  laser  system  but  rather  !.„•  chants  vrith  tcriperaturw  ar»c  ere soura 
in  the  atmospheric  absorber.  ■  -u  aris  ■•  ccausa  the  Lore-ntu  -l.-  ■  of  the 
absorption  lines  is  due  to  collisions  s  .red  by  the  abso: 

The  nwXcr  of  collisions  will  very  vi th  *  .-crat.ure  and  cress-*-. 


a  neahcaisr.  dr  Unguis  king 


U  O  j  — ■  C  t  ~ -v 


r.u  -cricii 


■  U*i*  <  ■  -  .3  '«*•  i  -1  wO  tf  h? 
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-i'fc  Sivor.  in  leferr-rcc  (2.8.r; 


where  ?  is  total  gas  pressure  and  E’'/hT0  is  the  Boltaran  exponent  for  t: 
energy  of  the  lorfar  state  for  the  line  in  question.  The  term  values  E"  are 
listed  ir.  Reference  (2.8.1).  The  pressure  dependants  is  particularly  i. 
or.  riant  ir.  the  upper  atmosphere,  but  for  present  pu.->-  Interest  attache 
mainly  to  relatively  small  changes  4  T  :  T  -  T0  a r.c  A  ?  :  P  •  P0 

observed  in  temperature  ar.i  sure  at  sea  level.  TKc-  treatment  in  thxs 
report  has  included  the  parameters  S  and  o<  as  a  product  ir.  cupreasions 
such  as  (2.5.1)  for  absorption  coefficients  6*  •  The  variation  of  trans¬ 


mission  for  small  changes  in  temperature  and  pressure  can  be  obtained  by 


(3  Jr.i)  and  (3  Jr. 2)  a.-d  discarding  second  order  and  higher  ter  *.. 


The  result  car.  be  expressed  in  the  form 
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ccn^iccr  xor: -u  x.l^n  of  hir: . .  •  -.s-z-^rz'*  ~~ f>c^ra  by  non-linear  action  cf 

ios«r  bear,  field';,  Kev  photcr...  ,  reduce  -  ,.i  r.  fields  have  quite  diffc  r«:-t 
attenuation  properties  from.  the  prirary  h-.tr..  These  combination  photons 
depend  on  the  square  or  higher  to -.;ers  o;'  the  laser  bear,  field,  ana  so,  a 
slight  modulutxon  of  t  re  loss  .  urn  cc-.-  a  produce  a  mar*c£*l  mo xulx* tb or,  of 
tho  second  or  third  order  radi avion.  This  could  be  the  basis  of  a  novel 
signaling  system*  In  the  course  of  this  study, 'it  vJLi  be  necessary  to 
compare  this  system  with  the  straightforward  intensity  modulation  of  a  laser 
beam  with  no  change  in  wave  length  and  also  with  methods  v.oro  alight  wave 
length  changes  are  brought  scout  by  magnetic  fields.  Such  slight  wave 
length  changes  could  shift  the  laser  bear,  into  and  out  of  an  atmospheric 
absorption  line  and  thus  modulate  the  light  reaching  out  some  distance  from, 
the-  source  while  at  close  range  no  affect  would  be  apparent.  The  different 
systems  are  to  be  compared,  not  only  in  tho  ease  and  degree  -of  modulation 
attained,  but  also  in  tha  way  the  modulation  influences  the  transmission 
of  the  beams  under  various  atmospheric  conditions* 

Iterating  Conditions 


"he  vapour  line  absorption,  the  scattering  by  aerosols  and  the 


degradation  of  laser  beams  by  random  optical  density  gradients  in  the  aw 
phere  have  oeen  treated  separate-;/  but  they  must  be  regarded  as  concurrent 
in  their  action,  'The  atmosphere  i-  never  free  of  any  one  of  these  infix...", 
though  their  relative  importance  changes  ever  extreme  ranges  with  environ¬ 
mental  conditions.  The  great  variability  complicates  the  communications 
equipment  more  than  the  transmissx  :-n  lavra*  It  becomes  necessary  to  desi  .r. 
the  generating,  transmitting  and  sensing  elements  as  coordinated  parts  of 
a  whole  system  in  order  to  achicv.  optircur.  and  reliable  corr.ur.icax ions*  ? 

r.  this  report  was  i.  id  merely  to  supply  back. -round  for  th_ 


discussion  1 


overall  system  design  and  to  help  provide  reslistic  specifications  and  num¬ 
erical  values  for  some  of  the  components  of  oon_  .urJ.ca  .Jon  systems* 

The  energy  requirements  at  the  source,  the  ojbicu  of  the  collimating 
and  receiving  systems,  and  the  performance  required  of  the  scr.nors  and  re¬ 
cording  elements  are  very  dependent  on  atmospheric  conditions,  the 
physics  &nd  geometry  of  the  liqht  path  11  as  the  kind  of  information 

to  be  transmitted.  To  be  specific,  but  vri thout  any  notion  of  being  precise, 
the  first  laser  application  to  communication:;  vdli  be  pictured  as  a  valkio- 
talkie  type  of  use*  The  exponential  character  of  trio  atmospheric  attenua¬ 
tion  laws  means  that  there  is  no  practical  way  of  gaining  much  in  range  by 
increasing  laser  power*  It  appears  better  to  give  up  the  thought  of  reaching 
the  h oris on  and  to  strive  for  porta oility  and  convenience  instead*  Even 
now  there  are  fuel  cell  power  plants  weighing  no  sore  than  50  lbs .with  a 
power  output  of  at  least  1  kilowatt.  The  laser  beam  is  Intrinsically  small 
in  cross-section,  perhaps  of  the  order  of  s  centimeter  ,  and  &vc$o  the  re¬ 
ceiving-  optics  could  well  bo  limited  to  loss  than  10  centimeters  in  diameter* 
The  system  might  well  be  truly  “line  of  sight**  and  its  virtues  would  not  be 
wide  coverage  but  rather  extreme  selectivity.  At  a  distance  of,  say,  one 
mile  (1.6  kilometers),  the  entire  beam  widen  at  the  receiver  sight  be  less 
than  one  foot  in  diameter*  Thus  one  man  in  a  group  could  be  singled  out 
for  one  message  and  a  second  man  could  get  a  different  message,  provided 
both  could  be  sighted  in  a  telescope.  The  auxilli&ry  equipment  for  such  a 
system  is  already  known*  Nearby  snips,  bouts,  or  planes  would  be  accessible, 
and  sometime*  telephone  conaounioa  cions  from  one  part  of  the  deck  of  a  largo 

♦/>  5i  «rtf  KiftW  ft  <4  Vt*W  -A.  mam*.  -va  t..  *1  n  •  L.  .  -  — 
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otherwise*  It  should  be  noted  finally  tha 


narrow  beam  can  easily  bo 


spread  at  will  either  in  two  dimensions  or  in  one.  Moreover,  the  beam  c..n 


* 


be  osciuluv.a  or 


..-ever--  receivers  or  to  utauiliae  to  _ 


fixed  direction  over,  from  e  r.ov::r  vehicle.  ?>.e  correctness  and  li-^t 

•  t# 

.  * 

weight  of  the  laser  is  here  3:..  _r.  many  r__-ecta  as  important  as  the  coher¬ 
ence  of  the  bear.. 

3.7  Ran^e  Lir.ltnslons 

The  laser  has  seen  pictured  Sr.  previous  paragraph  as  a  ratho-r 
short  range  signalling  device,  'iris  doer  rot  mean  it  can.  never  attain  long 

t 

range  in  the  lover  atmosphere.  She  limiting  range  is  assessed  most  con- 
vir.cingly  by  reference  to  observational  terial.  The  valuable  atmospheric 
absorption  atlas  of  the  Naval  Research  Laboratory^ is  very  useful 
here.  A  ton  statute  mile  path,  5  C  fact  over  Chesapeake,  was  used  by  NHL  to 
produce  rather  high  resolution  absorption  spectra  in  an  atmosphere  at  an 
average  of  75°F.  and  65?  relative  humidity.  The  vapour  path  thu3  contained 
the  equivalent  of  about  23  centimeters  of  precipif-ole  water.  The  visible 
and  near  infra  spectral  regions  covered  by  this  atlas  contains  hundreds  of 
lines  of  all  intensities  from  barely  distinguishable  from  the  background 
to  fully  absorbing.  The  background  illumination  was  simply  a  1000  watt 
projection  lamp  at  the  focus  of  a  60  inch  searchlight.  It  was  strong  enough 
between  absorption  lines  to  give  a  photographic  exposure  at  a  dispersion  of 
about  8  min/A  at  the  focus  of  a  20  foot  focus  f:13  mirror.  The  exposures 
ran  from  5  to  60  minutes.  A  monochromatic  signal,  ten  times  weaker  than  the 
background  illumination  between  lines  would  have  been  readily  disceraiblo. 
Thu3  aerosol  scattering  can  be  sru.il  enough  so  that  laser  signals  reach 
out  to  the  horizon  under  some  circumstances.  It  is  obvious,  of  course, 

rfcftc/7  • 

that  the  visible  light  laser  can  read  at  least  as  far  as  any  objc:t  can  be 


(3.7.1)j.  a.  Curcio  and  a.  L.  utricle;  A.  Atlas  of  the  Absorption,  of  the 
Atmosphere  from  5h00  to  8520  .1  Reuori.  *i601,  August  23,  15 
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seen  under  the  sor.o  s t.r.ouyhii’is  csr.iivl  A..;;.  It  i„  a  particularly  ,-.tro:  j 
source  ana  vhafc  it  lacks  in  initial  beer.  -.duth  esn  be  race  up  for  sig¬ 
nalling  purposes,  with  the  help  of  collimating  optics.  If  a  mountain  or  a 
horizon  can  be  ssoa,  so  can  a  uaser.  The  r&  «y  oL  ini  orrsati on  trarissfsitteti 
is  another*  natter  -  that  would  tc  ioternir.cd  by  the  energy  in  the  boas*,  and 
the  sensitivity  and  other  properties  of  the  receiver.  Use  JRL  At-laa  is  a 
particularly  good  source  of  information  on  the  atmospheric  absorption  lines 
likely  to  interfere  with  long  range  laser  coamunicatic  's  in  the  visible  and 
near  infrared*  It  shows  at  once  that  vfeilu  simple  signal ling  with  laser 

beams  in  clear  weather  is  possible  practically  anywhere  in  the  visible 

/ 

spectrum,  there  are  many  wave  lengths  where  the  absorption  due  to  oxygen 

♦ 

-or.  water  vapour  would  be  a  serious  drawback  at  distances  above  one  kilometer* 

the  infrared  is  different  and'  perhaps  more  interesting  and  that 
is  why  this  report  has  emphasised  the  infra rud*  the  scattering  ay  aerosols 
is  m&eh  less  as  brought  out  in  equation  (2*6*3)  and  many  other  ec,  cations 
developed  in  this  report*  The  scattering  exponent  <r  for  a  given  water 
path  goes  down  inversely  with  a  power  of  a  fcatweyr.  one  and  two  (Angstrom's 
law  par*  2*6).  Thus  if  a  certain  distance  can  bo  traversed  in  the  visible, 
scattering  may  well  be  ten  times  less  at,  say,  10  microns.  For  turbid 
'atmospheres,  the  infrared  is  more  effective  and  the  sensors  available  show 
better  performance*  The  line  absorption,  or.  the  other  hand,  is  very  much 
stronger  than  in  the  visible* 

There  are,  however,  regions  in  the  infrared  where  line  absorption 
la  particularly  weak.  These  so-called  'windows '  were  discussed  most  recently 
by  Bignell,  Saiedy  and  Sheppard^*^*^  who  made  extensive  measurements  cf 
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atmospheric  attenuation  between  8  and  13  microns.  They  find  that  aerosols 
are  frequently  such  lea*  important  in  tba  infrared  window*  than  the  con¬ 
tinuous  absorption  due  to  the  wings  of  toe  strong  water  vapour  bauds  on 
either  side  of  a  window*  they  find  that  the  continuous  background  absorp¬ 
tion  can  be  represented  rather  well  in  the  region  between  J?  «  1200  to 
y  m  800  cm*'1  by  a  transmission  law  of  toe  fora. 
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The  Kepier  path  Rjj  according  to  (3*7*1)  lies  between  10  and  1$  centimeters 
of  preci  pi  table  water.  Ibis  shows  that  between  the  strong  water  vapour 
and  carton  dioxide  absorption  bands  In  the  infrared,  there  are  windows 
where  signals  could  penetrate  tens  of  centimeters  of  precipi table  water 
with  little  reduction  due  to  absorption  and  often  even  less  reduction  due 
to  aerosol  sea  storing*  This  is  enough  to  encourage  anyone  who  wants  to  use 
lasers  for  long  range  communications  because  it  shows  that  while  attenuation 
is  on  the  whole  quite  severe,  there  are  circumstances  in  which  range  is 
essentially  not  United  by  toe  atmospheric  scattering  or  absorption* 

3.8  Comments  and  Conclusions 

The  consent  in  previous  paragraphs  can  be  condensed  into  a  rough 
guiding  rule  for  laser  coBsmcxicatioas  as  f ollows*  -  5elective  laser  signals 
can  be  transmitted  to  ary  terrestrial  station  that  can  be  seen.  This  state¬ 
ment  can  bs  mads  rather  far  reaching  by  careful  interpretation  of  key  words* 
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such  it,  selective;  signals;  transmitted;  terrestrial;  stations;  and  seen* 

The  word  men,  for  example,  need  not  imply  naked  eye  vision.  High  light - 
gathering  power  and  high  rasolution  optica  could  ba  envisioned.  The  eye 
itself  could  ho  replaced  by  servers  w^dlcat  are  acre  sensitive  or  wore  dis¬ 
cerning  in  sen*  respects  •  The  light  need  not  he  perceptible  to  the  hus&n 
aye*  The  statement  convey*  a  good  feeling  for  the  capabilities  and  limita¬ 
tions  of  the  later  despite  the  large  star  gin  for  special  interpretation  left 
in  it*  It  would  have  been  easy  to  formulate  the  statement  without  the 
present  report*  The  present  report,  however.  Is  helpful  is  staking  the  neces¬ 
sary  interpretations  and  aasy  have  been  discussed  here,  some  in  detail,  some 
by  way  of  a  brief  phrase  or  remark*  The  exposition  of  the  subject  is  in¬ 
herently  difficult  and  the  literature  is  hard  to  gather  and  hard  to  read. 

Many  widely-held  notions  are  dubious  or  misleading  or  simply  incorrest* 
law  that  lasers  add  greatly  to  the  practical  importance  of  elucidating  the 
details  of  atmospheric  attenuation,  it  say  be  expected  that  clear,  concise 
and  soused  expositions  of  the  topic  will  become  available  and  a  convenient 3 
useful  terminology  will  arise  together  with  an  adequate  summary  of  numerical 
dabs  in  this  field. 

3*9  Abstract 

Seal!  angle  spreading,  earned  scattering  and  molecular  absorption 
are  considered  the  important  mechanisms  for  the  weakening  of  a  laser  beam 
in  the  open  atmosphere.  Three  different  transmission  laws  are  worked  out 
for  these  three  mechanisms.  Both  the  physical  principles  and  the  numerical 
values  encountered  in  the  lower  atmosphere  are  discussed  and  Illustrated. 
Random  density  fluctuations  in  the  turbulent  atmosphere  are  discussed  as  the 
cause  of  well  angular  deflections  in  a  narrow  pencil  of  light.  Beam  atten¬ 
uation  due  to  atmospheric  aerosol  scattering  la  treated  for  an  aerosol  else 
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distribution  described  by  the  sun  of  two  inverse  powers  of  the  droplet 
radius,  laser  beans  can  help  find  the  parameters  of  such  distributions. 
ItolecuLar  absorption  is  examined  in  terns  of  she  narrow  infrared  lines  of 
water  vapour.  An  effort  is  made  to  present  this  difficult  topic  in  as 
simple  and  useful  a  form  as  is  compatible  with  the  observational  material. 
The  formulae  are  designed  to  sake  it  possible  to  estinate  in  detail  how 
the  atrsosphere  would  weaken  *  laser  bears  under  a  widb  variety  of  eondi if  w. 
It  is  found  that  some  effects  are  serious  even  st  short  ranges  of  a  few 
meters,  while  in  favourable  circumstances,  laser  signals  would  not  be  bras 
tically  attenuated  out  to  any  practical  distance  in  the  lower  atmosphere. 


